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GENERAL SUMMARY 


The recent very rapid developments in nuclear physics and the parallel 
progress in tracer methodology have made it imperative to compile from the 
vast accumulation of data and experimental procedures that information 
which appears to be the most reliable as well as essential to the applica- 
tion of tracer technics. For the most part, such information is to be 
found at the present time only in a widely scattered literature. Nuclear 
physicists, to be sure, have access to this information by virtue of their 
familiarity with the technical literature in the field, but even for the 
nuclear physicist, it is usually necessary to refer to many different 
sources for the explicit data he requires. The situation is very muci 
worse for those who are less familiar with nuclear physics, but who plan 
to employ stable or radioactive isotopic tracers and high energy radiations 
in their research. For such persons, Seaborg's "Table of Isotopes" has 
been literally the only comprehensive source for some of the essential 
information. 

Until recently, the compilation of a handbook would have been somewhat 
futile, since there was too little data that was fienly established and a 
compilation once made, would have had to be completely revised and consider 
ably extended six months later. Now, however, it is felt that at least an 
effort can be made in this direction with the accumlated information 
derived from the extensive research during and since the war, and particu- 
larly, because the demand for this information in fields other than nuclear 
physics has increased enormously. The experimental data and technics are 
still in a state of flux and, in many instances, values recorded here have 
already been superceded and new processes and data discovered. This is 


inevitable since modern nuclear physics with its manifold applications is 
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still young, and a compilation of its measurements and processes must 
be frequently revised. ie, 

The present form of the handbook was expanded beyond a simple 
compilation of data and formulae in order to make it more intelligible 
to those who are less conversant with the terminology and details of 
nuclear physics and tracer methodologye In general, descriptions of 
processes and instruments have been made rather elementary and with the 
intention of noting only the principal features. On the other hand, 
formulae, which are important to a qualitative description or to computa- 
tions have been included, however complex, with brief statements of their 
significance and limitations. This has resulted in a considerable volume 
OEP devebtcetvetudtertal wut -at 19: nétitneeddes“that~the dandsookeas Woe; 
in any sense, the equivalent of a text book or treatise of the field. We 
have attempted to compile only a ready reference in which most of the 
fundamental data and descriptions of processes and instruments will be 
available. 

The biological and medical aspects of tracer methodology is presented 
in the form of a survey of those isotopes which have been used and those | 
which, because of their convenient properties and biological significance, 
may reasonably be employed in future research. No effort has been made to 
present an exhaustive and detailed account since several excellent reviews 
have already been published; particularly iith regard to the clinical litera- 
turee 

It is realized that many errors still remain to be corrected and in 
several places, inconsistencies in notation still persist. It is hoped that 
these will be brought to either the authors or this Command so that they may 
be rectified in any subsequent revisions. 
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I. NUCLEI AND RADIOACTIVITY 


1. PHYSICAL CONSTANTS 


reported by Birge, *. T., Phys. Rev. 15, 253 (1941), 


Velocity of light c = (2.99776 + 0.00004) x 1010 cm sec 


(1.60203 + 0.00034) x 10720 abs. e.m.u. 


i 


Electronic charge 


(4.8025 + 0.0010) x 10710 abs. e.s.u. 


(9.1066 + 0.0052) x 10728 pm 


Electron mass m 


Specific electronic charge e/m = (1.7592 54 0.0005) x 107 abs. e.mu. gm=l 


(5.2736 + 0.0015) x 1017 abs, e.s.u. gm=l 


Proton mass (1.67248 + 0.00031) x 10724 gm 


id 
i 


_ Hydrogen atom mass My = (1.67539 + 0.00031) x 10724 gm 
Mass of unit atomic weight (1/No) 
| Mo = (1.66035 + 0.00031) x 10-24 gm 
Ratio proton mass to electron mass 
Mp/m = 1836.5 + 0.5 


Ratio physical to chemical atomic weight scales 


r = 1.000272 + 0,000005 
Electron atomic weight ) 
¥ physical scale Ag = (5.4862 + 0.0017) x 1074 
2, chemical scale he = (5.4847 + 0.0017) x 1074 
Beitecn rest energy me* = 0,5107 mev 
‘Mass unit energy equivalent 
m = 1,49 x 1079 erg 
= 951.05 + 0.15 mev 
P ye electron radius Re = 2.807 x 10715 om 
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All constants listed are taken directly from, or derived from, values — 


Bohr radius 

Bohr magneton 

Fine structure constant 
Compton shift at 90° 
Planck constant 
Avogadro number 
Loschmidt mumber 
Boltzman constant 

Gas constant 

Faraday constant: 


1. chemical scale 


2. physical scale 


Gravitational constant 
Standard atmosphere 


Maximum density of water 


R = 0.53 x 1078 om 


(0.9273 + 0.0003) x 10720 erg gauss) 


b - 
i 


AR 
l 


= (7.2976 + 0.0008) x 10-5 


h/me = (0.024265 + 0.000005) x 10-8 om 


h = (6.624 + 0,002) x 10727 erg sec 

No = (6.0228 + 0.0011) x 102% mole 

L = (2.6870 + 0.0005) x 1019 atmos-1 cm=5 

k = (1.38047 + 0.00026) x 10716 erg deg-) 

Ro = (8.31436 + 0.00038) x 10? erg deg=} mole=1 


F = 96501. + 10 int-coul. gm-equiv.-1 


i 


96487, + 10 abs.-coul. gm-equiv. “1 


9648.7 + 1. abs. e.m.u. gm-equiv.-! 


F = 96514, + 10 abs.-coul. gm-equiv.~1 
= 9651.4 + 1.0 abs. e.m.u. gm-equiv.~} 
g= (6.670 + 0.005) x 1078 dyne om@ gm? 


Ap = (1.015246 + 0.000004) x 106 dayne cm@2 atm,-1 


dnax = 0.999972 + 0.000002 gm ae. 


Density of Hg (0°C, standard atmosphere) 
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do = 13.59504 + 0.00005 gm em™9 


2. RADIOACTIVITY UNITS 
CURIE: C = 0.66 mm of Rn.at 0° C, 760 mm Hg. 


Definition: A curie is as the quantity of radon in radioactive equi- é 


librium with 1 gm. of radium, 


The evaluation of the curie depends on the determination of the 
absolute disintegration rate of radium since, by its definition, it 
4s that quantity of radon which disintegrates at the same rate as isin. 
Measurements of the decay rate at the present time, however, differ in 
“magnitude by as much as 10 per cent. An arbitrary value of 3.7 x 1010 
disintegrations per second per gm of radium, therefore, has been recom- 
mended by the International Radium Standard Commission until agreement 
can be reached on the third figure. Initially, the curie applied only 
to Rn in equilibrium with Ra, however, its extension to the other decay 
products in equilibrium with Ra was recommended by the Commission in 
1930 (1). A curie of any Ra product, therefore, is that quantity of 
the isotope which decays at the rate of 3.7 x 1010 disintegrations per 
second, 
In addition to the restricted use of the curie recommended by the 
Commission, it has become widely adopted by common usage as a measure 
of the quantity of any radioactive isotope. More generally, the frac- 
tional unit, millicure (mc), is used which is the qu:ntity of the iso- — 
tope that decays at the rate of 3.7 x 107 disintegrations ver fies 
The weight or the number of atoms of an isotope equivalent to 1 me is 


directly proportional to the half-life: 
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aa 7 poe 


WE 3.7 107 ones 
No 


number of atoms per me of isotope. 


| 
i 


weight in gm per me of isotope. 


=, 
i 


half-life of isotope, 


> 
7 


atomic number. 


No = Avogadro's number 


The failure to distinguish between total ionizing events and total 
disintegration has lead to occasional confusion in the use of the curie 
for isotopes which do not emit alpha particles. When beta particles and ° 
gamma rays are emitted, the number EF treks detected (corrected for 
geometry, absorption, and efficiency) is usually not equal to the number 
of disintegrations and it is essential, therefore, to know the decay 
scheme for the radioisotope. This must include the number of particles 
per disintegration, the percentage te energy of each, and the per cent 
internal conversion of gamma rays if they are present. Only when this 
detailed information is kmown can the disintegration rate of an isotope 
be ascertained from He gitehs 28" oF its radiation and its quantity . 
expressed in curies, 

Detection of the beta particles, for example, from a radioisotope 
which enite a beta particle and gamma ray in succession, may lead to 
disintegration rate which is too high if there are also internal con~ 
version electrons. For the same reason, detection of the gamma rays 
may well lead to a low value if the conversion co-efficient is unknown, 


Similarly, the decay rate of a radioisotope which disintegrates by 
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either positron emission or K capture cannot be determined unless the 
relative probabilities of the two processes are known, or both the 


positrons and X-rays are detected. 


ROENTGEN: r = 83.8 erg/gm air* 


1 esu/ce of dry air* 


2.083 x 109 ion pairs/ ce air* 


1.61 x 1012 jon pairs/gm air* 


= 6.77 x 10* Mev/cc air* 


* dry air at 0° ‘760 mm Hg 


Definition: The Roentgen unit is "that quantity of X- or gamma-radia- 
tion such that the associated corpuscular emission per 
0.001295 gm of air, dry, 0°, 760 mm Hg produces, in air 
Lene carrying 1 electrostatic unit of quantity of elec- 
tricity of either sign", (2). 
The Roentgen, therefore, is a unit of gamma ray energy loss by 
ionization in air and is not to be confused with units of radiation 


intensity or energy, or the energy dissipated in other absorbing media. 


ROENTGEN EQUIVALENT PHYSICAL: rep = 83.8 ergs/gm/tissue 


Definition: The Roentgen equivalent physical is that quantity of 
corpuscular radiation which produces in pitas He gm 
of tissue, ionization equivalent to the ienhAtey of 
ionization for one Roentgen of gamma radiation in air, 
The rep is a unit of energy loss by ionization in tissue by radia- 


tion other than X= or gamma radiation and therefore applicable to beta 
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particles, protons, deuterons, alpha particles and neutrons. It is to 
be noted that, in general, for substances other than dry air at 0°C 

760 mm Hg., the rep is not equal to the Roentgen, since energy loss for 
one Roentgen of gasiaa radiation in tissue usually is greater than 83.8 


ergs/gm (2,3 de 


RUTHERFORD: rd = weeeewne -- curie = mo me 
3.7 x 10% 37 


Definition: A rutherford is the quentity of any radioisotope which 
decays at the rate of 10& disintegrations per second, 

The rutherford has been proposed as a new unit of quantity for all 
radioisotopes with the exception of the decay products of Ra for which 
the curie applies (4), Its value is entirely arbitrary but is of the 
same order of magnitude as quantities used in tracer and therapeutic 


applications. 


ROENTGEN EQUIVALENT MAN: rem = 0.2 rem (for fast neutrons) 
® 0.1 n (for fast neutrons) 

Definition: The rem is the amount of energy dissipated by fast neutrons 
in tissue which is biologically equivalent of one r of X= 
or gamma=- radiation in man (or mammals). 

The magnitude of the rem is not known with accuracy because of 

the difficulty in evaluating the biological effects of fast neutrons in 

man, The approximaté value was derived from the mean lethal neutron 

dose in rats (5), assuming that the radiation resistance is not signi- 


ficantly different in rat and man, 


ROENTGEN PER HOUR AT ONE METER: rhm 
Definition: The rhm is the quantity of any radioactive substance which 


emits X -or gamma radiation such that the ionization pro- 


18 
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Ze 


duced in air by the radiation at a distance of one meter 


from the source is equivalent to one r/h, 


The rhm is a unit of gamma ray source intensity and should not be 
confused with units of radiation intensity, absorption, or quality. . 
The gm or cc equivalent of one rhm can be estimated only when the decay 
scheme is known for the isotope (or isotopes) which emit the gamma 
radiation. In most cases, therefore, the quantity, in terms of more 
familiar onite; — gm. or ce is not known but the source strength 
in terms of rhm is unambiguous. 

The gm. equivalent of the rhm for Ra with 0.5 mm P filtration is 


2.2: gw (6 ,6,7,8). 


n- UNIT: n® 2.5 rep 


= 200 ergs/gm tissue 


Definition: One n unit is that quantity of fast neutrons which pro- 
duces, in the Victoreen 100 r thimble chamber, ionization 


equal to 1 esu/ce of dry air at 0° C, 760 mm Hg. 
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3. PROPERTIES OF NUCLEI 


A, Stable Isotopes 
Examination of the charge, mass, and abundance of existing isotopes has 


lead to a set of empirical rules governing the structure of stable mciei so 
far as an allowed number of protons and neutrons in a stable nucleus are con=- 
cerned (1.,2). They are understood in a qualitative way from elementary con- 
siderations of the binding energies for various combination of neutrons and 
protons, and are strongly supported by the behaviour of the radioactive iso- 
topes. 

The fundamental requirement for stability of muclei is satisfied when 
the binding energy is a maximm or, alternatively, the exact mass is a mini- 
mm for a given total mmber of particles. This is equivelent to filling 
the lowest proton and neutron quantum levels first. If the transformation 
ef a proton to a neutron results in a greater binding energy, (or smaller 
exact atomic weight), the mcleus is unstable and the transformation will oc- 
cur through K capture or positron emission, Conversely, beta decay will re- 
duce an excess mmber of neutrons to protons until the most stable configu- 
ration is reached, i.e., until lower lying proton levles are filled. Qn 
this basis the isotope rules can be explained and are born out by the modes 
of decay of the radioactive isotopes. 

Formulation of the isotope rules is simplified with the aid of several 
designations expressing the relation between numbers of neutron and protons. 
Huclei with the same mumber of protons, Z, but a different atomic weight, or 
AwZ, are referred to as isotopes; nuclei with the same mumber of neutrons 
(A-Z) but different Z are isotones, and miclei with the same A but different 
Z are isobars, Nuclei with an even muber of both protons and neutrons will 


be designated by (E,E) and those with even protens and odd neutrons by (E,0). 
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Similar definitions hold fer the designations (0,E) and (0,0). 
1. In a first approximation, muclei contain equal mumbers of protons and neu~ 
neutrons, ie., Z% = A/2. 

For the light elements this rule is followed exactly for the most abund- 
ant tin This can be understood if it is assumed that the miclear force 
binding a neutron and proton (pn) is somewhat greater than the attraction be- 
tween like particles (pp) end (m), If the reverse were true, one would ex 
pect nuclei to consist wholly of neutrons, or neglecting electrostatic re- 
pulsion wholly of protons. Further, if forces between like particles, (pp) 
and (nn), exist, they mst be neerly equal in magnitude. Assuming (nn) were 
greater than (pp), the maximm binding energy and, hence, greatest stability 
would occur for miclei with a greater proportion of neutrons. Actually a 
variation in Z = A/2 of the order of 10 percent does occur ameng the iso~ 
topes of light elements but this appears to be insufficient to conclude that 
a significant difference existe between (nn) and (pp). 

The most stable configuration with respect to the purely miclear forces, 
therefore, are equal mimbers of protons and neutrons. In apparent variance 
with this, however, is the increase in the proportion of neutrons with in- 
creasing atomic weight. In the heaviest stable isotopes the ratio of the 
neutrons reaches a value of 1.6. In these mclei the repulsive, long range 
sbetrektattc fields of the protons becomes a significant factor, The muic- 
lear forces (mp), (mm) and (pp) exhibit the property of saturation due to 
their short range and the finite size of the mcleons. A single particle, 
therefore, is unaffected by the fields of more distance members of the muc- 
leus and the total binding energy is then proportional to the mumber of 
perticies, A. The eleotrostatic field on the other hand, does not show the 


property of saturation and each proton is affected by the presence of all 
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other protons, thus contributing to a total electrostatic energy proportion~ 
al to 2° 1/2 or 2° Jas which tends to diminish the effective total binding 
energy of the moleus, In the lightest muclei, the electrostatic energy is 
less than 0.5 mev per particle whereas the nuclear forces amount to approxi- 
mately 8.5 mev per particle, For greater atomic weights, the electrostatic 
energy increases rapidly and the most stable configuration for a given mm- 
ber of particles is one with a greater proportion of neutrons, A balance 
between the mmber of protons for a given atomic weight is achieved which 
provides the maxizum total binding energy. 

2. (E,E) mclei are the most stable. 

This fact is apparent from both their mmber and their relative abun- 
dence. Of the 265 known stable isotopes, this type includes 152, and where 
several isotopes of an element of even A exist the most abundant are (E,E). 
This is reasonable on the basis of Pauli's exclusion principle, Two parti- 
cles can occupy the same state, i.e., with identical spacial coordinates, 
if their spins are different. Pairs of particles in nearly the same quan- 
tum state therefore, can form closed shells in which they are strongly bound, 
If an odd particle is added, it forms ean unclosed shell and is weakly bound 
by interaction with the closed shells, 

3. (E,0) and (0,E) mclei are about equally stable but less so than (E,E). 

Stable nuclei of these types are found to occur in about equal numbers; 
54 are (E,0) and 52 are (0,E). A single proton or neutron added to an (E,E) 
mucleus is less strongly bound through interaction with completed shells at 
lower quantum levels as indicated under rule 2, Nevertheless, such mclei 
are stable against K capture or beta emission when the odd particle is ad- 
ded to the next lowest level. The type of stable mcleus which can be form 
ed by the addition of a particle to an (E,E) nucleus of given atomic weight 


depends upon the next lowest level to be filled. If this is a proton level 
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but a neutron is added instead, the nucleus is unstable against beta decay 
and the neutron is transformed to a proton. 
4, (030) nuclei, with the exception of Hy , Lié6, B10, and N14 ere unstable. 
The existence of only four such stable isotopes indicates immediately 
the relative instability of this type of micleis in all but the lightest ele- 
ments. If each proton-neutron pair occupy the same quantum state, the re- 
sulting mucleus is stable. If, however, the mumber of neutrons is greater 
by two or more, they will lie in successively higher levels end will trans- 
form by beta emission to the lower lying proton level to form nuclei of the 
type (0,0), therefore, are stable only if the numbers of protons and neutrons 
are equal, This condition can be found however, only for the lightest ele- 
ments where the electrostatic forces are still small, In heavier elements 
equal mmbers cannot exist since the electrostatic repulsion then deminish- 
es the miclear binding energy as compared to equal mimber of particles but 
with a greater proportion of neutrons. 
5, For any even Z, there exists only one, or at the most, two naan iso- 
topes of odd A, If two, they differ by two mass units, Many isotopes of 


even A may exist, 


6. For any odd Z, there exists only one, or at most, two isotopes. If twe, 
they differ by two mass units. 


7. For eny even A, only two stable isobars may exist and they differ in 
charge by two units and are even in Z. 


8. For any odd A, only one stable mcleus exists (no isobars) and its Z may 


be even or odd. 


A qualitative proof of rules 5,6,7, and 8 follows from energy coneidera- 


tions for the varicus possible combinations of protons and neutrons. A 
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nucleus of mass A is stable only for that combination of protons and neutrons 
which provides the maximum binding energy or alternatively the minimm 
exact mass. This can be estimated from the binding energy forma 


E=>~adAeb A~2z)* Sore ‘sil 
A 


u/s 


E is a maximm when the last two terms are equal in magnitude and op- 
posite in sign, This requires that (A-2Z)/Z . a2/ ¢ or that ie excess of 
neutrons over protons increases as 2/5 for stable mclei, Further, the bind- 
ing energy for muclei of the same A varies as z® and is therefore a parabola 
about the most stable value of Z. For odd A, Z may be even or odd with equal 
probability as how by their nearly equal existing numbers. The only iso= 
bar which is stable is the one lying nearest the apex of the parabole, All 
other isobars are unstable and move toward the apex either by K capture or 
positron emission until the stable Z is reached. Alternatively, isobars 
with neutrons in energy states higher than the next unoccupied proton level, 
will transform by beta emission until the lowest levels are filled. The con- 
verse holds for isobars with excess protons numbers compared to the stable 
configuration. Such nuclei, capture electrons, transforming protons to neu=- 
trons in order to fill lower lying neutron levels. 

The binding energy of muclei with even A mst be represented by two 
parabolae on the same E axis; one containing (0,0) nuclei and a lewer curve 
containing (E,E) mclei, Form the possible combination of particles, (Z,N), 
(2-1, B41) (Z-2, W+2) etc., and (2Z+1, Nel), (2+2, Ne2) ete., which can form 
isobars, those with edd Z lie on the upper curve and can always transrn to 
a mucleus on the lower curve by beta emission or K capture. By the seme 


processes, isobars lying far up on the Z-even curve can cross to a lower 
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level on the Zeodd curve, By successive transformations ef this kind, the 
isobar is brought finally to one of two possible stable mclei occupying the 
lewest levels on the Z-even curve and which differ by two charge units. 
These miclei camot transform into each other despite a possible energy 
difference, since either beta emission or K capture would take it first to 
a higher level on the Z-odd curve which is energetically impossible and noe 
process is knowm for the simultaneous transformation of two charge units 
without also a change in mass, 

An exception to this is found only in the light molei H2, Lié, B10, 
end N14, Here, the Z-even and Z-odd curves are nearly superimposed because 
the electrostatic repulsion is negligible. The lowest state lies at the 
apex of the Z-odd curve and Z = AnZ = HN. 


B. Mass Defect 
Mass spectrographic measurements of the exact weight of nucl#i indi- 
cate a consistent variation from the integral value given by the atemic 
weight. The difference between the atomic weight and the exact mass of 
en isotope, M, relative to ois (A, = 16,00000) is referred to as the 
mass defect A , 


A = MeA 


The mass defect is positive only for elements lighter than O,¢ end for the 
very heaviest elements. In all other cases it is negative. The variation 
in the mass defect over the entire mass range is of the order of 0.5 percent 


er less. | 


5669 | | 26 


C. Packing Fraction 


The packing fraction, f, or mass defect per elementary particle is a 
quantity most frequently empleyed in experimental practice to express the 
deviation of the exact isotope mass from the integral atomic weight. It 
is defined by the relation 


Values of the know packing fractions are given in table and plot- 
ted in figure 1. The smooth curve is given by a semi-empirical forma 
calculated by Fowler (3) 


2 
0 5 1* . 179.8 Z(Z01) — n94 
= -79.0 + 4.0 mesial 2 + ATioh + 7.42 x 10 
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dD. Binding Energy 


The exact atomic mass of an atom is in all cases less than the weight 
ef an equiv lent number of free neutrons and protons plus Z electrons. The 


mass difference is then given by 
Ax= M442) ~ 1.008152 Z = 1.00893 (A-z) 


where 1.008132 is the mass of a proton plus one electron and 1,00895 is the 
neutron mass. The apparent decrease in the mass of elementary particles 
bound in a micleus is exactly equivelent to the total binding energy of the 
particles, From Einsteins law of equivalence of mass and energy, the bind-~ 
ing energy is then E = uc”, One mass unit (mass of 016/16) therefore is 


1 MU = 931.06 mev 


= 149 x10 erg 
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With but few exceptions (D and Li notably) the average binding energy 
per ih cs in light and medium nuclei is approximately 8.5 mev, In the 
heaviest molei (Z > 82) ,it decreases to approximately 6 mev, Over the 
greater part of the mass range of nuclei, therefore, the total binding 
energy is roughly proportional to the mumber of nucleons or to the nuclear 
volume, 

This is in accord with the assumption of short renge nuclear forces 
between micleons. Each particle is influenced by the short range attrac- 
tive fields only of particles next to it and will remain unaffected by more 
distant particles in the mucleus, To a first approximation, saturation of 
the muclear forces then leads to a binding energy: which is proportional te 
the onli of particles, A, Several corrections to A, the simple propor- 
tionality, however, mst be made. The unsaturated fields of particles ly- — 
ing at the surface of the nucleus gives rise to a surface tension analagous 
to that of a liquid drop. The particleis bound to the mucleus by only a 
portion of its available energy and the remainder cannot centribute to the 
total binding energy and mist be deducted from the first approximation 
which was made. This correction term is proportional to the surface or to 
hail Since the volume to surface ratio increases with the radius or as 
a}/ ., the relative magnitude of the surface effect in heavy mclei is small- 
er than in light nuclei where it affects an appreciable reduction in the 
binding energy. 

The long range electrostatic forces lead +e @ second term propa tional 
to 22,5 due to a umiform volume distribution of the Z protons. This term 
is relatively wimportant in light miclei but increases rapidly with atomic 
maumber and becomes, in the heaviest nuclei, a dominant factor in reducing 


the binding energy and particularly, in the stability against spontaneous 
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division (see fission). These fields cennot be saturated and each proton, 
therefore, is influenced by the remaining Z-1 protons in the nucleus. 

Finally, a term is included which is based on the observation that the 
most stable nuclei are those for which Z = A/2, i.e., the binding energy is 
a maximum. Nuclei with fewer protons than feeb will than have a rela- 
tively smaller binding energy than for a nucleus containing the same number 
of particles and 2 = A/2. From the statistical model of the nucleus (1,2,3) 
this effect is found to be proportional to 12/A where I= A= 2Z is the 
isotopic mumber. 

On the basis of tnese factors, several semi-empirical expressions for 
the total binding energy have been derived. In general form, they follow 
from Weizacker's method of calculating binding energies (6). Assuming the 
binding energy is proportional to the number of particles, the isotopic 
number effect, surface iat and tne electrostatis energy as indicated © 
above, the numerical coefficients for the various terms are ten calculated 
from accurately knovm values of the exact atomic weight to give the best 


fit to the experimental data. Three such expressions are given below: 


2 2 
EB, = 14.66 A = 20.54 a - 15.4 a2/3 ~ 0,602 <5 78" mev (2) 
2 
BH, = 15.30 A = 22.55 = - 16.75 a2/8 - 0,69 a(Zso2 mev (3) 


E, = 4.66 A - 77.3 {e_2_ad2)° - 13.0 a2/8 - 0.58 Rie -& mev (4) 


O, A odd 


Z even 
+ } 5.5 an3/4, 4 even 


Z odd 
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The 6& term is an empirical jaecasttos based on the observed effect 
of even and odd numbers of protons and neutrons on muiclear stability. The 
most stable nuclei are those for which Z and A-Z are even. Nuclei contain- 
ing an odd number of protons or neutrons are less stable and those which 


contain odd numbers of both particles are the least stable. This appears 


to follow from the periodicity in the structure of muclei and in particular, 


how successive shells are filled. 

The total binding energy is an important criterion of muclear stability. 
At least the lightest nuclei are stable against spontaneous radioactive decay 
only sie their binding energy is greater, i.¢., their mass is less, than that 
for any combination of lighter nuclei containing the same total number of pro= 
tons and neutrons. 

An important application of binding energy is found in the calculation 
of the exact atomic mass of radioactive nuclei. In the case of beta ably 
the energy released is exactly equivalent to the difference in the atomic 
masses of te initial and product atoms, i.e., E = c% (M; - Mz,,). When a 
positron is emitted, however, the product atom is lighter by the equivalent 
energy carried off by the particle together with its rest energy plus the rest 
energy of an orbital electron which is also lest. E= ce (My = Key 2m), 
where m is the mass of the positron. Similarly, when an alpha particle is 


emitted, the energy release is E = c® (Maz) > M(,-4,7-2) = 2m). 


E. Nuclear Spin 


The resultant angular momentum, or spin, of nuclei is observed in all 
instances to be eitner halfeinteger, or integer multiples of h/2 7 e More 


important, the spins of all nuclei with even atomic weight are integer multi- 


ples of h/2m , while for nuclei of odd atomic number, the spins are half- 


integer value. In nearly all cases it is less than 4h/2™W , and for all 
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miuclei of the even-even type, it is zero. The resultant spin of a nucleus 
will be the vector sum of tne orbital angular momenta of all the particles 
and the intrinsic spin of each particle, added according to the vector rules 
of quantum theory. The orbital angular momentum is always an integer mlti- 
ple of h/2qr , and orientated either parallel or antiparallel to the momenta 
of other particles in the micleus. The spins of both the neutron and proton 
are known from experimental evidence to be 1/2 and similarly must be orien= 
tated parallel or antiparallel. The contribution of the particle spins to 
the total muclear spin will therefore be an integer or half-integer for even 
or odd numbers of particles. 

A sufficiently detailed and consistent model of the nucleus has not yet 
been formulated which will provide the exact magnitude of the spin for a nuc-= 
leus containing a prescribed number of protons and neutrons. But the quali- 
tative conclusions outlined above regarding the origin and the necessary mag- 
nitudes of nuclear spin are born out by experiment. Further, if the spin of 
a stable isotope (Z,A) is know, it is safe to conclude chal the spin of a 


stable nucleus with which it is isotopic will differ by 1/2 the mmber of 


excess neutrons, i.e., i= -2 (A - Aj), where ipo is the known spin for the 
isotope of atomic weight Ap, and A, the atomic weight of an unexcited isotopic 
micleus. 

The pane of a radioactive nucleus, on the other hand, will depend on 
its state of excitation and will differ from the ground state, usually by 
integral units of spin. If a beta particle, for example, is emitted, the 
spin is always reduced by integral units since the ejected beta particle 
and neutrino each have an intrinsic spin of 1/2. In any nuclear reaction, 
spin, and angular momentum mist be conserved as well as mass and energy. 
Known values of nuclear spins in units of n/2 11 are given in table 2 for 


stable muclei. 
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F, Magnetic Dipole Moment 


Assuming the particles within a mecleus to be in motion, it is to be 
expected that a magnetic field will be produced by the ourrent distribution 
of at least the charged particles. A — proton moving in a circular 
orbit with a frequency +4 and angular momentum lh/ 21 represents a circu- 
lating current of magnitude equal toi=e%, #£«%&which produces a field eq- 
uivelent to a magnetic shell with a magnetic moment of 


Without a more detailed kmowledge of the structure and the motions of par- 
ticles in micleus, the magnetic moment must be determined experimentally. 
Both the protons and neutrons themselves have a magnetic moments which al- 
so mst be determined experimentally because the charge distribution in ele~ 
mentary particles is not know. 

The unit Meo is referred to as the nuclear magneton. Because of the 
relative magnitudes of the electron and proten masses it is smaller than the 
Bohr magneton by the factor 1840, 

Most experimental methods give instead of bes directly a quantity g, 
the molear g-factor, which is related to y. by p= ig, where i is the 
muclear spin, | 

Known experimental values of we g if i is unknown ere given in 
table 2. 


@ Electric Quadruple Moment 


From the theory of electrostatics 4t is know that the potential field 
of an arbitrary charge distributien can be expressed in a series of terns 
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of the form 


- 244 ed 
V = 9" + 55 P(Cos @) + 4 Po(Cos @) + ..... 


where P, (cos @) are Legendre polynomials. At large distances compared to 
the dimensions of the charge distribution, only the first term, represent- 
ing a dither ieniiy symetric field, is important since all other terms di- 
minish as 1/r2 or faster. Thus, at distances large compared to a muclear 
radius, the electrostatic field is equivalent to a point source of charge 
eZ. The second term, or electric dipole moment does exist for nuclei since 
it vanishes for radially symetric charge distributions containing charge of 
only sign. 

The third term representing the electric quadrupole may, however, exist 
for nuclei in which protons are not distributed throughout the mucleus with 
strict spherical symetry. A small contribution to the electric is then made 
by the quadrupole moment which in effect alters the spherically symetric 
form of the stronger coulomb filed but only within a distance of a few times 
the muclear radius. It is reasonable to assume the asymetry takes the sin- 
plest form of distortion of a sphere which is an ellipsoid of rotation, then 
from electrostatics the nucleus will be "cigar" shaped or a prolate spheroid 
when q is positive, and "platter”™ shaped or an obtate spheroid when q is 
negative. 

The effect of the quadrupole moment is felt most strongly by orbital 
electrons in the innermost shells which lie close to the mcleus. This 
effect was first observed by Schuler and Schmidt (7) in the hyper=-fine 
structure of the Eu isotopes 151 and 155. Differences were found which 
could not be accounted for by the known perturbations leading to devia= 


tions in the interval rule which gave hyper-fine structure terms propor= 
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tional to r@ cos* (ipj), where iej. is the angle between the moleer spin 
and the electron anguler momentum. This lead Schuler and Schmidt to pro~ 
pose the existence of a quadrupole moment which gave the observed hyper=- 
fine structure proportidnal only te Cos” (4,5) and not # 2, 
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Table 1. STABLE ISOTOPES 


element mass abundance atomic mass packing chemical 
Z number 016 = 16.00Q000 fraption atomic wt 
error = 10 x 10 


H 1 99.98 1.008123 0.6 81.2 1.00785 
2 0.02 2.014708 1.1 73.6 
He 3 1076 3.01700 4, 56.7 4,003 
4 100. 4.00390 3. 9.8 
Li 6 7.9 6.01697 5. 20.3 6.940 
7 92.1 7.01822 6. 26.0 
Be 9 100. 9.01503, 6. 16.4 9.02 
B 10 18.83 10. 01677 8. 16.7 10. 82 
11 81.17 11.01244 19. 11.3 
c 12 98.9 12. 00382 4, 3.2 12.010 
13 ry 13.00751 10, 5.8 
N 14 99.62 14, 00751 4, 5.4 14, 008 
15 0.38 15.00489 21. 3.3 
) 16 99.76 16. 000000 0.0 16. 00000 
17 0.04 17.00450 6. a 
= 1.1 9.20 18.0049 40, a 
F 19 100. 19.00452 17. 2.4 19.00 
Ne 20 90.00 19.99877 10. -0.6 20.183 
21 0.27 20.99963/° 22, [| (40.2 
22 9.73 21.99844 36, -0.7 
im £8 100. 22.99618 31. #1:7 22.997 


12 


15 


16 


17 


18 


19 


20 
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Cl 


Ca 


mass 
number 


42 


44 


abundance 


atomic mass 


016 = 16,000000 


error’ = 10” 


25.9924 
24, 9958 
25.9898 
26.9899 
27. 9866 
28. 9866 
29.9852 
50.9842 
51. 98089 
32.9800 
55.97710 
55.978 
54, 97867 
56.97750 
35.9780 
37.974 
39.97504 
58.9747 
59.9760 
40.974 
59.9753 
41.9711 


42.9723 


100, 


250, 


26. 


100, 


150. 


packing 


fraction 
x 104 


chemical 


atomic wt. 


24,52 


26.97 


28.086 


50.98 


52.06 


55, 457 


59.944 


59. 096 


40.08 


Siegen Mass Abundance Ato c Mass Packing Chenical 
Number 0*° = 16 Fraction Atomic Wt. 
A x 104 ol _ 16 
oo 6k. 48 0.185 eoccee cocce 
m Se 45 100 44.9689 100. -6.8 45.10 
go 60O COST‘ 46 7.95 45.9661 100 -7.4 47.90 
47 7.75 46.9647 100. -7.5 
48 75.45 47,9651 50. -7,9 
49 5.51 48 .9646 60. -7,2 
50 5,34 49.9646 | 40. -7.6 
25 VY 51 100 50.9577 50. -8.5 50.95 
24 Or 50 4,49 coccee eccce 52.01 
52 83.78 51.959 -7.9 
53 9.43 52,957 -8.0 
54 2.90 coves eccce 
25 Mn 55 100 04,965 26.4 54.93 
26 Fe 94 6.0 53.960 -7 4 05 .84 
56 91.6 05.9568 -7.7 
57 21 56.961 -6.9 
58 0.28 eesece eesee 
27 Co 59 100 coccee eecee 58.94 
28 Ni 58 68.0 cvccce coves 58.69 
60 27 42 59.959 -6.8 
61 0.1 ceccce cocee 
62 3.8 cocces cove. 
64 0.9 cecces eeeee 
29 Cu 63 69.48 62.956 mean 63,542 t .006 
-8.13 
65 30.52 64,955 


5669 


Element Mass Abundance Atopic Mass Packing Chemical 
Z Number Oo" = 16 Fraction Atomic Wt. 
A x 1014 ol _ 16 


| "S05; Zn 64 5069 63.956 -6.9 65.38 
3 66 27,3 65.952 “7.4 
67 o iaarte phas 
68 17.4 67.956 48.5 
70 0.5 69.954 -6.5 
Sl Ga 69 61.5 68.955 -6.5 69.72 
71 38.5 70.953 -6.6 
32 Ge 70 20 reer sites 72.60 
72 27.3 rier ee si es 
73 7.9 eeeRBR4 aise 
74 37.1 wage Ve 
76 6.5 Kepies pins 
33 As 75 100 rey deve 74,91 
34 Se 74, 0.9 tense odes 78.96 
76 9.5 Fee idee 
7 8.3 ere: ive 
78 24.0 ecesce cece 
80 48.0 8) res 
82 9.3 vivest seas 
35 Br 79 50.53 ee on 79.916 
81 49,47 sci oe Oe 
36 Kr 78 0.35 77.945 -7.0 83.7 
80 2.01 baits eat 
82 11.52 81.939 -7.5 
83 11.52 sais i i 
B4 57.13 83.938 -7.5 
86 17.47 85.939 “7.2 


5669 le 


Element 
Z 

37 @©6Rb 
398 sr 
309«CiéN 

40 Zr 
41 Ob 
42 No 
43 Te 
44 Ru 


5669 


LOO 


LOO 


Abundance 


72.8 
27.2 
0.56 
9.86 
7.02 
82 .56 
400 
48.0 
11.5 
22 
x7 
1.5 
LOO 
15.86 
9,12 
15.70 
16.50 
9.45 
25,75 


9.62 


5.68 
2.22 
12,81 


12.70 


oe 


Mass 


= 16 


eeeece 
@eeeeeod 
e@eoeeed 
eeeoo0ed 
@eeeoed 
eeeeee 
eeeeee 
eeeoeee 
eeeoee 
eeeoooe 
@eeeoeoed 
e@eeeeod 
eeeee8 
@eeecee 


94,945 
95.946 
96.945 


97.944 


95.946 


98.944 


L3 


Packing 


Fraction 
x 1014 


eeee 
eece 
eeee 
eeee 
eece 
eecee 
eeee 
eesece 
eeee 
esee 
eseee 
eee2e0 
e@eo0e 


a0, 7 


-5.7 


Chemical 
Atomic Wt e 
ol6 2 16 


85 .48 


87.635 


88.92 


91,22 


92,91 


95.95 


101.7 


Element Mass Abundance Atomic Mass Packing Chemical 


Z Number olf - 16 ' Fraction Atomic Wt. 
A x 1ol4 olf . 16 
44 Ru 101 16.98 coecee cece 
102 $1.54 eeccece cece 
104 18,27 ecccece eeve 
45 Rh 1035 100 ecccce cece 102.91 
46 Pd 102 28 eccves cece 106.7 
104 9.35 105.946 -5.2 
105 28.6 104.945 5.2 
106 27.2 105.945 5.2 
108 26.8 107.943 -5.2 
110 13,5 109.942 5.2 
47 bg 107 52.5 106.948 4.8 107.880 
109 47.5 108.947 ~4.8 
48 Cd 106 1.4 eeoccecce cove 112.41 
108 1.0 cocecce cece 
110 12.8 ecccccs cece 
111 +: 13,0 besccce pee 
112 24.2 eccccce coc 
115 12.3 eecccce eoce 
114 28.0 ececces cece 
116 7.5 eecccece eeee 
49 In 1135 4.5 eeecces ecce 114.76 
115 95.5 eecccece cove 
50 §6Sn 112 1.1 eocccce cece 118.70 
114 0.8 cecccece cece 
115 0.4 eccccce cece 
116 15.5 115.942 -5.0 


5669 ly 


Element 


Z 
50°.° Sn 
51 sd 
52 Te 
a 
54 Xe 


5669 


124 
126 
128 
129 
130 
131 
132 
134 


136 


Abundance 


22.5 


28,5 


“ae 


@eeoeoeed 


117.959 
118.958 
119.94 

121.944 


125.945 


128.946 
131.946 


45 


Mass 


= 16 


Packing 
Fraction 
x 1014 


4.6 


4,2 
4.4 


Chemical 
Atomic Wt. 
016. 16 


121.76 


127 .64%.0 


126.92 


131.3 


| 


Element Mass Abundance At omic Mass Chemical 
1 y? Number | es 16 Atomic Wt. 
A OT” B16 | 
55 Ce 133 100 Mee ead 132,91 
56 Ba 130 0.101 doses: eas 137.36 
132 0.097 =) ay oe 
134. 2.42 ee cae 
138 6.6 yea ie 
136 7.8 ae aes 
137 | 11.3 Mi sics fe 
138 71.7 7 oe oe 
0. S75. Da 139 100 138.955 3.2 138.92 
i 58 C3e 136 1 a as 140.13 
q 138 1 6... ce 3 
: 140 89 lanes Bes 
2 142 11 ay ee aed 
59° «=P 141 100 Ay oe 140.92 
60 Na 142 25.95 a ED boas 144.27 
143 13.0 + hi 
| 144 22.6 me Sree pis 
: | 145 9.2 = ee balan 
| 146 16.5 145.960 -2.8 
| 148 6.8 147.961 2.7 
| 15 0 5.95 149.967 H2,2 
| 61 
| 62 Sm 144 3 a Gane ail 150.43 
147 1? we ae si 
148% 14 - Cae ass 
149 15 ae Des 


5669 L6 


Element 
Z 
62 Sm 
63 Zu 
64 Gd 
65 Tb 
66 Dy 
67 . Ho 
68 Er 


Mass 
Number 


168 


170 


Abundance 


49.1 


50.9 


(55) 
(24) 
(29) 


(10) 


Li7 


Atomic Mass 


016 ~ 16 


154.977 
155.976 


156.976 


e@eeeeo8 
oeeeece 
@eesceeed 
eeeeee0d 
eeeeeed 
eeseeoeoe6 
@eeeee0d 
casas en 
@eeeneaeee 
@eseede0 8 
eeeoeenee 
@eeoee0d 
@eeoeeoeeoes 
eeeoees 
e@eeoeese 


e@eeooee8 


Packing 


Fraction 
x 1014 


eeee 


eeee 


eeen 


@#eeoe 


e@eene 


Chemical 


Atomic wt e 
ol6 - 16 


152.0 


156.9 


159.2 


162.46 


164,955 


167.2 


7 6X 


oo he 


ae §6St 


75 Ta 


74 oW 


75 Re 


76 Os 


5669 


179 


181 


182 


183 


184 


186 


185 


187 


184 


Abundance 


fon 


eceeoeee 


eeeeeee 


@eeeseoeee 


Mass 
16 


eeee 


eeee 


ee0ee 


Chemical 
Atomic Wt. 
o16 ~ 16 


169.4 


1735.04 


174.99 


178.6 


180 .88 


183,88 


186.51 


190.2 


Element Atomic Mass Chemical 
Z 0 16 at omic wt. 
O-Y = 16 
76 Os eeeccce eeee 
187 1.64 eecccece eeve 
188 13.3 Terrre eos 
189 16,2 cocecce eoee 
190 26.4 190.038 +2.0 
192 40.9 192.058 2,0 
77 Ir 191 58.5 191.040 2.1 193.1 
195 61,5 193,941 2el 
7. US 192 0.8 ceceses cece 195.23 
194 30.2 194.040 2.0 
195 35.35 195.040 2.0 
196 26.6 196.039 2.0 
198 7.2 198.044 2.28 
79 Au 197 100 197.039 2.0 197.2 
80 Hg 196 0.15 ecccees cose 200.61 
198 10.12 errr hk coe 
199 17.04 eccccce eres 
200 23.25 200 .028 1.4 
201 13.18 fou ie *1, 
202 29,54 cocccce cece 
204 6.72 cccccce cece 
81 Tl 203 29.1 205.057 2.8 204.359 
205 70.9 205.057 2.8 
82 Pb 204 1.5 204.058 2.8 207.21 
206 235.6 cocccce eves 
207 22.6 eoccces eeee 
JAR ti aS 
5669 ho | ‘ J) 


~~ TON, D. 3 


89 
90 
91 


92 


93 
94 
95 


5669 


Atomic Mass 
ol6 = 16 


208.057 


209.055 


eeeeeee 


LOO 252412 


0.006 


0.720 


99.274 


50 


* Radioactive 


209 .00 


252.12 


238.07 


Table 2. SPIN,MAGNETIC MOMENT,AND QUADRUPOLE MOMENT OF STABLE ISOTOPES 


spin i magnetic moment u quad. mom, 
i «WR units of n units of ne/2me 107** om?, 
"ee tae | 1/2 -1.9103 +0,0012 (F3,P2,H7,A1,A3) 
ae goes | 1/2 (H8,K1) 2.7896 (K2,M15) 


u™/uP = -0.6847 +0,0004 
2 1 (M15 ) 0.85647 +0,0003 (A3 ,K3 ) 2.7% % (K2) 


ut/aP = @,30702 +0.0001 


7? 0 (ns) 


S14 - 6 1 (M2 ) 0.8213 (R2,R3,M8 ) 
7°* 3/2 (82,66, 3.2532 (R2,R3,M8,J4) 

S6,F2) 
4 Be 9 3/2 -1.176 (K13 ) 
5 B 10 1 0.597 +0.003 (M9 ) 
1 .: 8/2 2.686 +0, 005 (M9) 


ae 68.) oO. - (217) 


3. 3/2 0.701 +0,004 (H3 ) 
omote. ) 3°. (08) 0.402 +0,002 (M18 ,K14) 
15 1/2 (K12,WS)  -0.280 +0,003 (Z1) 


—o 2.0 (817) 


Pi 30 1/2 (G1,C1) 2.622 +0.014 (R2,R3,M8) 


10 Ne 20 


spin i magnetic moment u quad, mom, 
Z Bi AS units of n units of ne/2me 10724 om? 
11 Na 23 5/2 (31,65, 2.216 +0.011 (K14) 
| E1,R1) % 
12 lig 24 
25 
26 
19.4) 237 5/2 (H6,M10) 3.628 +0.010 (M10) 
14 Si 28 
29 
30 
iF 61 «ave (J6,k2) 
io 8 82. 2 . (BS) 
33 
34 
36 
17.01 65  <8/2 1.365 +0.005 (K15) +t (1T7) 
37. «6/2 -1.135 +0,005 (K15) 64a % (77) 
18 A 36 
38 
40 
19 K 39 3/2 (M6,F2) 0.391 +0.002 (K14) 
ee YN ee 800 ys 
41 3/2 (M1) 0.217 +0,001 (M1 ,K14) 
20 Ca 40 
42 
43 
5669 52 


AR a a a a a a NS a RN 
spin i magnetic moment u quad, mom. 
2 El. A units ofn units of rme/2me 10724 om? 


20 Ca 44 


21 Sc 45 7/2 (S14,K7) 4.8 (K10) 


22 Ti 46 


23..V 61 .,7/2: (K9) 


24 Cr 50 


25 Mm 55 5/2 (W2,F1) 3.0 (Fl) 


26 Fe 54 


27 Co 59 7/2 (K8,Ml1l, 2-3 (M11) 
R5) 
28 Ni 58 


5669 53 


29 Cu 


30 Zn 


31 Ga 


52 Ge 


33 As” 


34 Se 


5669 


spin i 
Z El. A units ofn 


3/2 
3/2 


3/2 


3/2 


(R8) 


(R8) 


(L1) 


(J1,C6) 


(J1,C6) 


(T8,C7, 
C3) 


(wW5 ) 


magnetic moment u 
units of ne/2me 
2.5 ($21,826) 
-2.6 ($21,826) 
vA = 1,04 


0.9 (L1) 
2.11 (S23 ,R6) 
2.69 (S23,R6) 


y!+A,69 = 1.270 


1.5 (C3,S22) 


quad, mom, 
107°* om? 


-0.1 +0.1 (S21) 


-0.1 +0.1 (S21) 


0. 20 (R6 ) 
0.13 (R6)} 
0.3 (S22) 


spin i magnetic moment u quad, mom. 

Z El. A units ofn units of ne/2mc 1074 ont 
Ree pereecmmmnemmntec ees commence a eC A EE E.R  OEE 
55.70 - 8/2 (71,77) 2.61 (T1,S2) (720 +10)(T7) 
ss. 8/72 (11,87). 2.62 (T1,S2) (556 +10)(T7) 


u! 9/81 = 1,0 


es 9/2 (Kl1) ~=1.0 (K1,$27) 0.15 (K11,S26) 


37 Rb 85 5/2 (K16,J8, 1.345 +0.005 (K14) 
M19) SG 
87* 3/2 (H10,M20, 2.741 +0.009 (K14) 
H9 ) 


38 Sr 84 


87 9/2 (H5) -1.1 (HS) 


40 Zr 90 


41 Cb 93 9/2 (B6) (3.7) (B6 ) 


5669 59 


Z El. 


42 lio 


46 Pd 


5669 


A 


92 


104 


103 


102 


104 


105 


106 


108 


110 


107 


109 


spin i 
units ofn 


1/2 


1/2 
1/2 


(Js ) 


(JS) 


magnetic moment u 
units of ne/2me 


-0.10 
-0.19 


y 109 A,107 = 1,93 


56 


(J3) 


(JS) 


guad, mom. 


107<4 


ome 


spin i magnetic moment u quad, mom, 


Z El. A units ofn units of ne/2me 107&* = on® 
48 Ca 106 
108 
110 
111 1/2 (s5,S7, -0.65 (J6,B5) 
$10) 
112 
113 1/2 (S5,S7, -0.65 (J9,B5) 
$10) 
yll3 A111 =1,6 
114 
116 
49 In 113 9/2 (B1,K7) 6.4 (B1 ,ki7 ) 
60s Gf/2 =«((52,F1, 5. 49 (ii, ) 0.82 (B1,S24) 
) hi? ) 
50 Sn 112 
114 
6°. ife -0.9 Cc 
116 
117 1/2 . (72,81). -0. 89 (T2) 
118 
119 1/2 (12,811) -0, 89 (T2) 
120 
122 
124 
51 Sb 121 6/2 (BS,T3, Sa7 (C3,B5) 
C3 ) 
123 7/2 (B3,C3) 2.8 (63 ,B5) 


yi2l/yl2s = 1.316 


5669 oT 


Z El. A 


spin i 


units of n 


magnetic moment u 
units of Ne/2mc 


quad. mom, 
10~ 24 om? e 


52 Te 120 
122 
123 
124 
125 
126 
128 
130 


55 I 127 


54 Xe 124 
126 
128 
129 
1350 


131 


152 
154 
1356 
55 Cs 155 
56 Ba 150 
132 


154 


5669 


3/2 


7/2 


(74,613 ) 


(K6,J7) 


(K6 ,J7 ) 


(K4,C8) 


2.8 (S3 ) 


-0.9 (K6,J7,B5) 


0.8 (K6,J7,B5) 


ut20/.181 » 24243 


2.572 +0.013 (K14) 


-0.46 +0.15 (S3 
S4, 
M14) 


0 +0.1 (K11,S26) 


< 0.35 (S6a,K4 ) 


: spin i magnetic moment u quad, mom, 
Z El A units ofn units of ne/2me 10724 om?, 


56 Ba 135 4 8=63/2_s (4) 0.837 +0, 003 (H4) 


i387. = S/2s((B4) (0.936 +0.003) (H4) 


57 La 139 7/2 (A4) 2.5 = 2.8 (A5,C4,C5) 


58 Ce 156 


59 Pr 141 5/2 (wl) 


60 Nd 142 


148* 


152 


154 


5669 99 


Z Bl. A 


63 Eu 


65 Tb 


66 Dy 


67 Ho 


5669 


151 


153 


152 
154 
155 
156 
157 
158 
160 
159 
159 
160 
161 
162 
163 
164 
165 
162 
164 
166 
167 
168 


170 


spin i magnetic moment u 
units of n units of Nne/2me 


5/2 (S17) 3.4 (S17,S2) 
5/2 (S817) 1.5 ($17,S2) 


yl51/A,1535 = 2,24 


3/2 (813) 


7/6 (818) 


qu 
ine? ome. 


” 1.2 ($17,C2) 


” 2.8 


($26 ) 


i NIE I EE a RE A AL RE EE BIEL ENE IO ERE 
spin i magnetic moment u quad. mom. 
Z El. A units of n units of #e/2me 107% om2, 


69 Tm 169 1/2 (s15) 


70 Yb 168 
170 
171 1/2 (s26) 0. 45 (S27) 
172 
173 8/2 (S26) -0.65 (S27) 3.9 +0.4 (S26) 
ut! A171 = 1.4 
174 
176 
71lu175 7/2 (819,G2) 2.6 +0.5 (G2) 5.9 (G2) 
176 >7/2 (H11,M21, 3.8 +0.7 (S28) 6-8 (S28) 
is L2,S28) . 
72 Hf 174 
176 
177 < 3/2 (R4) 
178 


179 < 3/2 (R4) 

180 
73 Ta 181 7/2 (i122) r | { ¢) 6 (s29) 
74 W180 

182 

183 

184 


186 


spin i magnetic moment u quad, mom. 
Z El. A units ofn units of ne /2mc 10724 om’, 
75 Re 185 5/2 (M4,M6, 3.3 (S25,826) 2.8 (S25,S26) 
G4,22) 
187 5/2 (M4,M5, 3.3 ($25,826) 2.6 (825,826) 
G4,22) 
76 Os 184 
186 
187 
188 
igo 2 
190 
192 


Ti-ar 191 1/2 (ve) 
yl91/,195 = -1.0 (v2) | 
too 8/2. (¥2) | 


78 Pt 192 
194 
195 1/2 (¥F4,Vl, 0.6 (J5,T5,S1) 
J5,T5) 
196 
198 


79 Au 197 (3/2) (R7,W4) 


80 Hg 196 0.3 (R7,W4,S16,B5) 
198 
199 1/2 (S8,S9) 0.547 +0.002 (M12 ) 
200 ) 
POL «3/2. 088,59) ~0.607 +0,003 (M12) 0.5 830) 


ut99/y201 = -0,9018 (S19) 


5669 


spim i magnetic mament u quad, mom, 


Z El, A units ofn. units of ne/2me 10724 om*, 
80 Hg 202 
204 
81 T1 203 1/2 (M23,M17 1,45 ($24) 
$31) 
205 1/2 (M23,M17, 1.45 (S24) 
S31) 
82 Pb 204 
206 
207 1/2 (KS) 0.6 (M3 ,R9,S16,B5) 
208 | 
83 Bi 209 0/2 (B2) 3.6 ($16 ,S26) -0.39 (S20) 
84 Po 210+ 


5669 
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4. GAMMA RAYS 


A, Properties 


Gamma rays are an electro-magnetic radiation produced only in nuclear 
processes; either in the formation of a new nucleus or from decay of exci- 
ted radioactive miclei, This distinguishes gamma radiation from X-radiation 
only in the sense of their origin. 

The energy of a gamma photon is directly proportional, to the frequency 
E = hy, =he/A where the factor of the proportionality, h, is Planck's 
constant, c, the velocity of light and Ais the wate length, Also associa- 
ted with the photon is momentum given by p=h¥ /c =h/A In any process 
involving the interaction of a gamma photon with an atom or an élementary 
particle, both the energy and momentum must be distributed according to the 
law of conservation among the various particles and radiations involved, In 
the collision of a photon with an atom, a larger proportion of the momentum 
is transferred to the atom and the greater part of energy is transferred to 
the orbital electrons which are raised to higher energy states or ejected from 
the atom. 

The energy loss of gamma rays in traversing the absorber arises almost 
entirely from interaction with free, and atomic electrons. Three distinct 
processes are mown which account for the energy loss or energy transfer to 


electrons: 

l. Photoelectric effect. The absorption coefficient, T , is proportional 
to 25 al / 2 This is the dominant effect in heavy elements for low energy 
gammas. 

2. Compton effect or scattering. Absorption coefficient, 95, is proportion-= 


al to Z/E. This is the dominant process in light elements for gammas of med- 


2 
jum energies (.5 mev<E<3 me ). 
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er 
3. Pair production. Absorption coefficient, k, is proportional to Z log 
E. This is the predominant process in all substances at very high energies, 


1,8. ore na® . Threshold energy at 1.05 mev (2 rio 992 


Three nuclear processes are known to occur which are important to an 
understanding of the structure of the nucleus but they do not contribute 
significantly to ae gross process of absorption of gamma rays in matter, 

l. Photo-disintegration. 
as. Bxastation of the nucleus. 
5. Photo-fission. 

The effective total absorption coefficient for gamma rays is the sum. of 
the coefficients, 7 , 9%, and k, Since the rate of energy loss from a gam- 
ma ray beam is directly proportional to the gamma ray intensity (or number 
of photons), the intensity decreases exponentially with the distance it tra- 


verses through the absorber, 


tT 2it @f* 
oO 


1H 
I 


to the initial intensity 
fst + O+¢ k, 


x = linear distance, 


The total absorption coefficient varies rapidly with both energy and 
the atomic number of the absorber. 

The range of gamma rays is usually expressed in units of half-value 
thickness of the particular absorber. One half-value thickness is the quan- 
tity of the absorber, either in linear depth or gems per ne required to re= 


duce the beam intensity to one-half its initial value. 
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B. Photoelectric Effect 

The photoelectric effect consists in the interaction of a gamma photon 
with a bound electron in an atom, The entire energy of the photon is trans- 
ferred to the electron, ejecting it from the atom with a kinetic energy, Ee: 
equal to the difference between the gamma energy, h¥, and the electron bind- 
ing energy I (ionization potential), i.e., EB ,=hw - 1, The orbital elec- 
tron most likely to participate in this effect is the one whose binding energy 
is nearest in magnitude to the energy of the incident gamma ray. At energies 
greater than the highest binding energy (K shell electrons), the contributions 
from the various levels (K, L, M, ete ) drop off as 1/w* » where w is the 
rotational frequency. 

Exact expressions for calculating the photoelectric cross section, 7 , 


are not available but several simple formulae have been given in the form 


T~ mA" 
For a number of elements, the atomic cross sections are given by 


% = 1.48 x 1076 2% Qn 


n= 6.05 for C,N,0 
n= 2.85 for Na — Fe 
Z = atomic weight 


A= wave length in Angstroms 


The mass absorption coefficient for the ohotoelectric effect is given 


(Hp) > = 0,0089 (=) >a 


2.35  ehalaay for air (2) 


by 


Js ae 
2.564 A for water (3) 
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The linear absorption coefficient is given by ( Kp ) = TN, 
where N is the mumber of atoms per cc. 
When the absorption coefficient has been measured for one substance, for 


example lead, it can be galculated for another absorber from the expression: 


; m 


4 -7 
( Me), (Hp Jes A 


C. Scatterin g of Gamma Rays 


Scattering of gamma rays occurs only with free electrons, or loosely 
bound electrons. It results in a reduction in the energy of the incident 
gamma photon and a deflection from its initial direction. The directions 
taken by the scattered electron and photon and the exchange of energy and 
momentum are directly related by the requirements of the laws of conserva-= 
tion. The effect was first described independently by Compton (1) who ar- 
rived at the expression for the change in wavelength for the scattered pho- 


ton given below: 


rd - A= ji (1 - cos @) = 0.0242 (1 - cos @) A 


me 
hee 
hv/c Ce 4 


muff, Bt 
where h/mce is the Compton wave length (0.0242 A ). be the soft X-ray re- 
gion the Compton effect,as it is generally referred to, is not so import- 
ant as at high energies (of the order of 1 mev) since it is seen that a 
single collision with an electron is sufficient to increase the wavelength 


to the order of a Compton wavelength. 
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Assuming only scattering to be important the intensity, I, of a beam 
of gamma.rays after traversing a depth, x, of absorber is given by the us- 


ual exponential absorption formula 


t = Ive Ms * 


where mM, is the scattering coefficient. When referred to a single event 


i.e., a single electron, the cross section for this process is 


= 
i 


the number electrons per cc, 
= atomic number x number of atoms per cc. 


A formula for H,based on the classical theory was given by Thomson in 


the form 
. seere 
Bs = 2 4 
ou = 
a, &' 6.62% 107°* om” 


This formula is valid only at very low energies where the frequency change 
in collisions is negligible. At all higher energies the cross section is not 
constant as required by Thomson's formula but varies rapidly with energy. 

A quantum mechanical treatment of the process, which is valid for all 
frequencies of the incident gamma ray, has been carried out b) Klein and 
Nishina (2) on the basis of Diracts relativistic theory of the electron. The 
total scattering cross section is found to be the sum of two cross sections. 
The first, demoted by ve accounts for the reduction in the intensity of a 
gamma beam by the loss of photons which are scattered out of the direction 
of the beam. The second, demoted, © 7 is the scattering absorption cross 


section arising from the energy loss of a photon in a scattering process. 
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The scattering coefficient per electron is given in the form: 


= 2e*)_2(. +a)? _ 1436 16, (1 + 20) - -: 1.+.3 
™ m@c% (1 + 2a) a? misc te ery, 


hv 


me? ° 
e = electron charge, 


m= electron mass, 


for very low and very high energies, reduced expressions can be used. For low 


energies; a <1, 5, can be expended, (3)§ 


4 
Og = 2524/1 - 2a + 5.2 a2 - 13,5 a3 » 52 Fe at+ 2. 
3 me 


For high energies; a >> 1, 9, reduces to 


2tre*]1 1 
A 2.43; = + 3- log 2a - “5 log 2a 
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The scattering-absorption coefficient per electron .. » is given by the 


a 
equation: 
coahl af (+a)e ee (Le ae 20 -20*) 

Map i S Se ipofoh eon gee meal Ve 2 2 
it mict) «(1+ 2a) (it 2%) ax2(1 + 20) 

Ha? lta 
a ae Reere. Hees 5} leg (1 + 20) 

S(1420)° Ate iterate” ee 


As for O_., similar reduced expression can be used for high and low energies. 
s f 2, Oo £& 


For low energies; @ < 1: 


4 
EPO Me Dag Dol gt {eRe Si, eee as Sees One iia) 


as 3 m°C* 5 


w 


For high energies; a >> 1: 


abut (2Mere | giope. 1027 
as te” 2a 6a 


Both 9 and are can be converted into the more useful form of scatter- 
ing coefficient per gm of absorber by multiplying by the number of electrons 
per gm The total linear absorption coefficient for scattering is related 


to the cross section per electron by 
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pNnz 


BPs = 9 A 
A = atomic weight, 
Z = atomic number, 
P = density, 


ph Bs is known for lead, the coefficient for any other substance is 
found from 


PE 
pe = 00224 (Ms), a 


D. Pair Production 

Pair pruduction involves the complete absorption of a gamma photon in 
the production of an electron and ‘ dbsbtiend The process can take place 
only in the coulomb field of a nucleus although the atom itself does not 
participate directly in the formation of the particles, Its presence is 
necessary mainly for the conservation of momentum when the gamma photon 
transfers its entire energy to the recoil particles, 

The cross section of a nucleus for pair production increases as z@ but 
its variation with the gamma ray energy is complicated and is calculated by 
approximations which are eee over different energy ranges (4, 5, 6). A 
definite threshold energy exists at 2 ho (1.02 mev), Above the threshold, 
the cross section increases rapidly for energies up to several hundred mev. 
At very high energies, it increases more slowly; approxi mate ly as log es 
A very rough approximation of the nuclear cross section in the lower eriergy 
range is given by 

K = Bz* (hy- 2 me”) 


B = constant, 
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and at very high energies by 


K = DZ log E 


D = constant, 


When the cross section is known for one substance, e.g., Pb, it can be cal- 


culated for another absorber with equal accuracy from the relation 


2 
K =Kp 207, 2 Z 
(s2)°11.3 A 


P, 2, A= density, atomic mmber and atomic 
weight respectively of absorber. 
K pp = pair production cross section for lead. 


The explanation of the process of pair production is to be found in Di- 
rac's relativistic theory of the electron (7). Dirac showed that the wave 
equation for the electron admits negative energy states for the electron as 
well as those of positive energy. The lowest positive state in the contin- 
uum of positive energies must necessarily be that equivelent to the rest mass 
of the electron,me”, Since no particle can contain less energy than its 
rest mass equivelent, Similarly, a highest negative energy state may exist 
at eon, and below this, there exists an infinity of possible quantum states. 
Since the existence of electrons in positive states hardly needs denonstra- 
tion it must be assumed on the basis of Pauli'ts principle that all negative 
states are filled und hence, that all space is occupied by an infinite den- 
sity of negative energy electrons. The existence of such a "sea" of electror 
normally could not be demonstrated because their charge forms a field free 
region. However, if an electron is raised to a positive energy, the unoc- 


cupied level or "hole" left behind behaves as a positively churged electron, 
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The existence of such "holes" or positrons was first observed by Andermn 
(€) im cosmic radiation, An electron can be ejected from a negative state 
only by the expenditure of energy at least equal to 2 aes corresponding 
to the transition from “no” to fis Gamma rays with energies greater than > 
this, therefore, can excite an electron transition to patties energy 
states where it is observed together with the "hole" or positron, as a pair 
of particles of identical mass but opposite charge. 

When the positron is brought to rest by the normal processes of energy 
loss through ionization etc., it recombins with an electron, i.e., a posi= 
tive energy electron fills the unoccupied level, and gamua radiation is em- 


itted (amnihilation radiation) and the particles are no longer detectable. 
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E. Secondary Particle Production 


The total radiation observed at any devth in an absorber consists of 
the primary gamia rays together with its secondary radiation of electron 
(photo-, compton-, and pairs). Since the range of secondary electrons 
in all absorbers is very small compared to the half-thickness value 
of gamaa rays, the number of recoil particles formed per unit time 
equals the number absorbed per unit time, i.e., equilibrium is maintained 
weetweeni the primary and secondary radiation intensity. The observed 
secondary intensity, therefore, decreases exponentially at the same 
rate as the gamma ray intensity although its actual absorption coefficiamt 
is very much greater. The relative magnitudes of the two intensities 
depends on the atomic number and density of the absorber, or more directly, 


on the separate absorption coefficients u and uy as expressed by the 


relation 
Js ip X obs 
To = o 
I, I, = intensities of secondery and primary radiations 


U, Up = absorption coefficients of secondary and primary radiations 
It is seen from the expression above that if the gamma rays enter 
a second medium more dense than the first; for example, from air into 
lead, the intensity of the secondary radiation will make a transition 
to a higher relative intensity level before coming to equilibrium. The 
transition region is characterized by a very rapid increase in electron 
emission and reaches a maximm at a depth in the absorber approximately 
equal to maximum range of the recoil electrons. From the surface of 


second absorber, the variation in the total radiation intensity, I, 
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with depth x is given by the equation: 


= Uo “Uox_ _-ux 
I pee E Ge 4 as Ge AD va Ld 
Cu uo (e ‘s ) 
Ig = total intensity at surface of absorber, 
Ug = absorptron coefficient of gemma ray, 


u = absorption coefficient of secondary radiation, 


F. Internal Conversion 


Photoelectric emission of electrons from an atom by gamma rays from 
its own nucleus is termed internal conversion (I.C.). The ejected electrons 
are observed in a beta spectrograph as a line spectrum consisting of elec- 
tron groups with highly homogeneous energies which can be distinguished 
from the contimious background of beta particles from the nucleus when 
these are present. The orbital electrons with the highest probability for 
participating in the process are the two K electrons since they lie closest 
to the mucleus where the gamma intensity is greatest. Other shells, however, 
may also contribute electrons, particularly in the heavy elements, where, 
for example, in the natural radioactive elements, conversions have been 
observed from the shells, K, L, M, N, and 0. The conversions, K, LI, and 
MI similarly have been detected in many of the artificial radioisotopes. 

The probability for conversion of a particular gamma is expressed by 
its total conversion coefficient, a, which is defined as the ratio of the 
mumber of conversion electrons to the mumber of gammas. The total conver- 
sion coefficient is actually the sum of similar coefficients for each elec- 
tron shell, i.e., @ = ay + 4) + G, +. + « The magnitudes of the ecubies 


cients decrease rapidly with increasing principle and azimuthal quantum 
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" mumber (n ¢ 1) of the electron due mainly to greater distance of electrons 
with high quantum number from the nucleus. Approximately, the relative 


intensity of electrons from different shells is given by the ratios: 


ax 3 A Gy = 100: 15: § 


The total coefficient also decreases rapidly with increasing gamma ray energy 
and is found, in addition, to depend upon whether the radiation is dipole or 
_ quadruple. In all cases, the quadruple radiation exhibits a larger conver- 
sion coefficient, Theoretical analyses of internal conversion has been 
carried out using Dirac's relativistic wave equation of the electron, (9, 

10, 11), but calculation of the coefficient is extremely complicated. The 
theoretical values for electric dipole and quadruple radiation are somewhat 
lower than the experimental values but the discrepancy may be due to an un- 
known amount of magnetic multiple radiation which gives a considerably higher 
coefficient than electric mitipole radiation, 

The mmber of conversion electron and gammas of a particular energy, 
hy, which are emitted per disintegration depends on the probability that the 
particular gamma ray is emitted as well as on its conversion coefficient, 

In medium and heavy elements particularly, where many excited levels may 
exist, the nucleus may decay by one of several alternative sets of tran- 
sitions involving beta particles, alpha particles, or gamma rays of different 
energies (see figure107). Each possible isomeric transition gives rise to 
its characteristic set of conversion electrons and therefore the mumber of 
electrons per disintegration associated with a particular gamma transition 
is given by the product of fraction of the disintegrations in which it occurs 
p, and the conversion coefficient, i.e., aP, where P< 1. The value of p 
can be obtained from the disintegration schemes when the percentages of the 


particle emission is known, 
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The kinetic energy of the conversion electron is exactly equal to the 
gemma ray energy, hy minus its binding energy, Ey: E=hv=-E,. The binding 
energy to be used is always that of the electron in the residual atom and not 
the parent. When the intensity is sufficiently high, a beta spectrum will shay 


a set of lines for electrons ejected from different shells by the same gamma, 


In many instances the electron binding energies can then be determined with 


considerable accuracy, 


It is obviously essential to know the oe coefficients when the 
disintegration rate (or absolute quantity) of a radioisotope is to be mea= 
sured in a sample by counting the beta or gemma radiation. Corrections in- 
volving both a and P must be made in counting either beta particles or gamma 


rayse 
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5. BETA PARTICLES 
A, Physical Properties 

Beta particles (negative electrons) and positrons (positive electrons) 
are identical in their interaction with matter and in their physical proper- 
ties with the single exception of the sign of the charge associated with the 
particle, The following aay apply equally well to beta particles and 
positrons, observing only the proper sign of the charge where it may occur in 
formulae. : 


The static and dynamic properties of beta particles are: 


rest mass: mp = (0.910660 + 0.0032) x 10728 em (1) 


charge: e = (1.602033 + 0.60034) x 10°29 abs. em. (1) 
= (4.8025, + 0.0010) x 10710 abs, esu. 


specific electronic charge: - = (1.7502 + 0.0005) x 10? abs. emu. 


per gm, (1) 
2 
radius: r= -S-, © 2.8 x 1075 om, 
~ moe 
relativistic mass: m= — 
2 
Vv 
. : = o- ge om 
62 
Vv 
momentum : p= = = — / 1 + 2 me* 
2 


kinetic energy: T= me* = moc® 


u 
8 
] 
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4 
TT 


velocity of beta particle in cm per sec, 


fo) 
i 


velocity of light in cm per sec. 


Energy is usually expressed in electron volts although units of H are 
frequently used since this quantity can be measured directly with the beta 


spectrometer and in the Wilson cloud chamber operated in a uniform magnetic 


field. The relation between H and energy is given by: 
104 2 
Hp =--~ / £5 + 1.0e8 
3 
H = magnetic field strength in Gauss. 


radius of curvature in cm, 


™“™ 
i 


energy in mev. 


This relation is plotted in figure 8 for more convenient conversion, 


B. Absorption Processes 


The absorption of beta particles in matter results from energy losses by 
three main processes: excitation and ionization of atoms of the absorber, and 
radiation of energy by the beta particle during acceleration in close colli- 
sions with nuclei. At sufficiently high energies (~ 1 mev or more) some loss 
occurs by nuclear excitation but it is negligibly small except at energies 
comparable to those encountered in cosmic rays. 

At energies less than a few mev, radiative losses are negligible and the 
principle processes are excitation and ionization, No clearly defined range- 
energy relation exists as it does for heavy charged particles because of the 
great variation in energy loss per collision, which may vary from zero to al- 
most the total beta particle energy, and because of the more pronounced effects 


of scattering. 
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C. Ionization 


The probable energy loss per unit length of path by ionization has 
been calculated . by Bethe (2) which, including the relativity correction, 
has the form: 


dE 2Te't NZ 7 Ee A 


Stee aoa eithl T Lisi peeminienmaammiin. an 
dx mv mc” (1 = B2) 

I = average ionization potential of absorber. 

Z = atomic number. 

N = number of atoms per cc, 

E = tetal energy of electron (kinetic plus rest mass), 
m = electron mass, 

v = electron velocity. 

e = electrom charge. 

B v/e. 


For very high energies where E. >> ant ice., V% co, this reduces to 


dE 2met NZ E° 


2 mererer SL eta erem ee oe ee log Rae Go eT Ma Coe Ome CoS EE AE 


ax mc 2m o* 1° 


D. Specific Ionization 
The total ionisation,produced by a beta particle is the sum of the | 


primary ions produced directly by the particle, subsequent ionization . 
by the primary ions, and those produced by bremstrahlung or X-rays from 
the initial electron, In general, the range of secondary ions is a 


small fraction of a mm in air because of their small recoil energy, so that 
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the majority of ions lie close to the path of the beta particle. The total 
ionization, however, is several times the number of primary ions formed. Pri- 
mary ionization can be observed directly in the Yilson Cloud chamber since a 
single primary ion together with its secondary ions form a single droplet. 
Curves for primary and total ionization are given in fisure 8a. Yor 
energies greater than 1 mev, there is little change in the specific ioniza~ 


tion which remains almost constant at anproximately 25 ion pairs per cm path 


in air at NTP. 
E. Radiative Losses 


; At energies greater than several million electron volts, radiative col- 
lisions account for an appreciable fraction of the energy loss. For these ener= 
gies, ionization losses increase very slowly, apm oximately as log E, whereas 
radiative loss increases directly in proportion to E. At energies higher than 
10 = 100 mev depending on the atomic number of the absorber, radiation is the 
principle process for energy loss. Radiation emitted directly from beta parti- 
cles traversing an absorber is known as bremstrahlung and is the source of the 
continuous X-ray spectrun. 

A formula for radiation energy loss has been derived by Bethe and Heitler 
(3) which appears to be valid for energies up to roughly 137 mc” (~ 65 mev). 


dE a 2 
a NEZ log AB 


N = number atoms per cc, 
E = energy of beta particle 
= atomic number 
A = constant 
ind abavenite straggling is observed since an electron may lose nearly all of 


its. energy in a single radiative collision or it may make many collisions with 
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small energy loss. The energy loss in a particular collision depends upon 
the velocity of the particle, the distance from the struck nucleus, and the 
nuclear charge, Z. The effective value of Z for heavy nuclei is somewhat small- 
er than the number of protons because of the screening effect by the orbital 
electrons on the. nuclear charge. 

Neglecting the logarithmic terms in the formulae for ionization and radia- 
tive loss, a simple and approximate formula is found for the ratio of ioniza- 


tion to radiative losses. 


EB ° 
(a2 } + pepe ol a aes 


oR. 1600 me 800 
ax 


R 


ca) 
il 


energy in mev 


F, Nuclear Excitation 
Energy loss by muclear excitation and capture is negligibly small in 
terms of absorption of a beta particle beams for all energies which have been 
observed. Its principle importance is in the determination of nuclear energy 
levels. Theoretical cross sections for nuclear excitation are of the order 


of 107% harns and for capture, of the order of Te i harns. 


G. Absorption of Beta Particles of Homogeneous Energy 


A well defined range does not exist for beta particles due to the creat 
variation in energy loss per collision and, to a greater degree, due to scat- 
tering. Nevertheless, a useful range can be found since the absorption curve 
for a beam of initially homogeneous beta particles is roughly linear. An ex-= 
tropolated, or maximum, range is dotennanieg by plotting the number of parti- 
cles (counts) against thickness of absorber and extending the linear portion 


of the curve to the axis (or background count). Figure 9 gives the observed 
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extrapolated ranges of beta particles determined from the line spectra of vari- 
ous radioisotopes. An emperical relation for extrapolated range in aluminun, 


fitting these data within + 5% over the energy range from 0.5 to 3 mev is (4) 


R = 0.52E = 0.09 
R = gn Al/cn® 
E = energy in mev 


The range in alumimim for energies between 0,01 and 0.15 is given Bpproximate=- 
ly by the relation (4) 
> R = 0.15 & = 0.0028 


H. Absorption of Inhomogeneous Beta Particle Beams 


The absorption curve for beta particles of inhomoseneous energy decreas= 
es more rapidly than the curve observed for homogeneous beams of the same 
maximum energy. The shape and extrapolated range of such curves is of par- 
ticular importence in its application to beta particles emitted from radioiso- 
topes for which the energy distribution is continuous from zero to a well de-= 
fined maximum energy. The observed absorption curve for beta particles from 
these sources is accurately represented by an exponential over most of the 
range but ee i finite and definite termination. The exponential churacter 
of the absorption can only be interpreted as a fortuitous effect due to a com= 
bination of the Fermi energy distribution of the emitted particles, scattering, 
and absorption by radiative and ionization energy loss. To a close approxima= 
tion the beta intensity I (e.g. counts per min) at a depth x in an absorber is 


given by: 


tos Lier 
I, = initial intensity (or counts) 
u = absorption co-efficient in ori 


x = depth of absorber in cn. 
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A more convenient form is found in terms of the ane absorption co-efficient, 

u/§ » where §& is the absorber density in gm per ce, This co-efficient is in- 
sensitive to the atomic number, Z, of the absorber; increasing very slowly with 
re Ze An empirical relation for the mass absorption co-efficient valid 


for the light elements with a probable error of 0.2 mev is (4) 


u 


a 
ree Bnreoo 


E = maximum energy 


and in terms of the half=-value thickness, d, i.e. where I = 0.5 Ip, it is 


d = 0,693-4= 0,052 H1+33 


These empirical relations are not valid for very low energies (E, <0.5 wie) 
where scattering is more pronounced nor at very high energies (Bins >5 mev) 
where energy loss by radiative collision becomes important. 

The maximum range of beta particles from radioisotopes with Eng», within 
the range 0.6 ~ 5 mev can be found from an empirical relation for aluminum 


determined by Feather (5) 
R= 0,54 EB, - 0.16 
R= range in gms Al per cmé@ 


i. Scattering of Beta Particles by Nuclei 


The elastic scattering of beta particles has presented a difficult pro- 
blem both in theory and in measurement. Because of the small mass of the 
electron compared to a nucleus, large deflections in a single collision may oc~= 
cur frequently, particularly for beta particles of low energies scattered by 


heavy elements. For this reason, the effects of elastic scattering should 
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ialit be overlooked in the evaluation of measurements on beta particles. 

Single elastic collisions of slow electrons with nuclei can be calcula- 
ted from Rutherfords' formula (6) since elastic collisions involve only in- 
teraction of the Coulomb fields of the ideale scan ieiehoaail For collisions 
of high speed beta particles where relativistic effects are important, a formu- 


la has been given by Mott (7) for the intensity (or number) of beta particles. 


scattered into the solid angle, dwat an angle @ from the initial direction: 


2 2 Pte 
2 cos 
e* Z 1 —#B é 
n(é)= nN 1-p° Tar pegutage ee + Wan Z 
2mvu 4 _6 2 3 6 
Sin 3s sin - sin a 


which, for small angles and all values of Z, reduces to 


and for large angles and small Z, is: 


x = atte*/hc ae I 137 
m= number of particles pr em* scattered into solid angle dw 
at an angle 6. 


n = initial nunber of particles per om” in beam. 


.] : 


N = number of atoms per cc. 
Z = atomic number of scatterer. 


electron mass 


5 
i 


BA Pa phy) 


These formulae apply only to very thin foils in which the probability of more 


In all cases the scattering co-efficient is proportional to Z 


than one collision is small. A criterion for determining if single scatter- 
ing can be expected in an experimental arrangement has been given by Wentzel 
(8) which provides that the minimim observed angle of deflestion @ and the 


foil thickness, t, must be chosen so that @ = 4¢ where 


m vu 2. 


eZ wnt 


m = electron mass. 


e = electron charge. 


N 
i 


atomic number. 


8 
i 


number atoms per cc, 


ct 
Hy 


foil thickmess in cm, 


This criterion permits several deflections through angles of the order of but 
determines the magnitudes of @(min)and t so that the contributions due to mile- 
tiple collisions is negligible at an angle 0 where the scattered beam is de- 
tected. For aluminum the maximum thickness for single scattering is approxima~ 
tely 2p (0.54 mg per em”) 

Single deflections of low energy beta parti:les throuch large angles (>90 


degrees) may be expected with a finite but very small probability in "thin" 


foils but in "thick" scatterers where multiple scuttering is important, an 
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; 
- 
F 


appreciable fraction of an incident beam of particles in backscattered, or de- 
flected through more than 90 degrees. The coefficient of reflection, R,, may 
be defined by the expression (I, - I,)/Ig where Ig = incident beta intensity and 
I, is the backscatter intensity. For most substances the reflection coefficient 
‘yhas a value between 0.1 and 0.5 depending upon the atomic number and density. 
This effect is particularly important in measurements of radioactive 
samples and in the preparation of standards. The observed activity or counting 
rate is profoundly affected by the backing material. The backscatter from 
platimam and lead for example, is found to be 20 = 50 per centgreater than from 


aluminum, depending upon the counter geometry. 


Je Scattering by Electrons 


The resonance scattering of beta particles by stationary electrons (essen- 
tially free thermal or bound electrons) mst necessarily include the spin (1/2) 
and obey Fermi statistics, Non-relativistic scattering formulae, i.e. for iden- 
tical coulomb fields, have been given by Mott (9) for the cases of known or 
unknown spin orientation of the two particles. If P,; is the probability that an 
electron is deflected into a solid angle, dw at an angle 9, using spacially 
symetric wave functions, and P, is the corresponding probability using anti- 


symetrical wave functions: 
2\2 
my? sin*e “a sin2@cos2e 


PL = 208 cos 9 sng + _— - wan ginnnny- 
saan ee: sin*@ cos*® sin*@ cose 
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. lae for scattering by nuclei and electrons, the ratio: of the relative intensi- 


erp ee eee ee 


Case I. If angle between spins of beta particles and the stationary electrons 
is not imown, the number of particles deflected into solid angle, dw, at an 


angle @ is 


Case II, If angle, » betvreen spin of the beta particle and electron is 


known, the total probability of deflection into solid angle dw at angle © is 
on Oli cos p)Ps + a ( 3 + cos @)P, 


Case III. Spins parallel: 


Case IV. Spins anti-parallel: 


Pe a eRe py 
n = initial number particles per cs per sec. 
N = number atoms per CC 

Z = atomic number 

v = electron velocity 

m = electron mass 


e = electron charge 


Case IV is identical to the chssical scattering formula. Comparing the formu- 
ties (number of particles, or cross sections) is. 


Filnuc lear ~ gy 
N(electrons 
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Hence, for hydrogen, the two processes contribute equally; for heavier elements 


the scattering is almost wholly by nuclei. 


K. Beta Decay 


The emission of beta particles or positrons occurs only during the decay 
of an excited nucleus and is never associated with the primary process in which 
the excited nucleus is formed by bombardment. The latter process takes place 
in less then 107! seconds whereas the probable time for beta and positron emis- 
sion is of the order of a second and longer. When a nucleus is formed from bom- ! 
bardment by n,p,d, or alpha particles it may contain an excess of either pro- 
bane or neutrons as compared to a stable nucleus of the same mass number and 
consequently its mass is greater and its binding energy less than the corres-=- 
ponding stable species (see Stable Isotope Rules). If the replecement of a pro-= 
ton by a neutron leads to a smaller atomic weight (greater binding energy), the 


transformation will occur according to the scheme: 
Po o—» n+ (pt) +n° 


Conversdy, if the replacement of a neutron with a proton results in a more stable 


nucleus, the transformation is: 


N —= P+ (f=) + n° 
In both cases the excess energy (mass) is carried off by the neutrino, n°, and 
the positron or beta particle. If a beta particle is emitted, the nuclear charge 
increases by one unit and if a positron; it decreases »y one unit. In calcula- 
ting the exact mass reduction by these processes, the exact atomic weights (neu- 
tral atom) can be used in beta emission since the loss of the rest mass otcthe 
beta is exactly compensated by the gain of an orbital electron. In positron ° 


emission, however, a correction for twice the rest mass must be made since 
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both the positron and an orbital electron are lost. 

The emission of the hypothetical neutrino, first postulated by Pauli, is 
required for the conservation of energy, spin, and stetistics. The emission of 
a beta particle or positron corresponds to a level transition in the excited 
nucleus involving a descrete quantity of energy yet the emitted particles are 
observed to possess any energy from zero up to the transition energy, E max, 
It is necessary to assume therefore, that the neutrino carries off an energy 
in each instance equal to the difference between the particle energy (rest + 
kinetic) and the transition energy. Furthermore, beta and positron emission 
always results in a reduction of the spin, i, of the residual nucleus by units 
of h/2T , i.e., O, -l, -2, «++, while the intrinsic spin of the particle is a 
half unit. It must be assumed, therefore, that the neutrino spin is one-half, 
A similar observation holds for the statistics in that the statistics of the 
residual nucleus remains unaltered while the electron obeys Fermi statistics. 


The properties of the neutrino deduced from experiment are then 


mass: = 0 or << electron mass 
Charge: none 
spin: 1/2(n/2 ) 


Magnetic moment: < 1.5 x 10°* Bohr Magneton 


statistics: Fermi 


With the aid of the neutrino hypothesis and the transformations (p-—*n), 
(n —» p), Fermi (10) developed a theory of beta decay analogous to the emis- 
sion of light. The theory provides a means of calculating the probability of 
the transformation i.e., the mean life for boats the energy distribution of 


the particles anda set of selection rules for determining if a transition 
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is allowed or forbidden. 

Assuming the neutrino mass to be negligible, the probability of emission 
per unit time of a beta particle with energy between E and E + dE is given by 
Fermi's theory in the form 


2 


PdaE = os 


E = electron energy in units of me”, 


= (nio® + mv} 4 me", 


of? £(2,8) 2(B? - 1)¥2 (g 2)? an 


E = maximum energy in units of me, © 


8 = constant. 


The factor Q is a matrix element involving the proper functions, U,, of the neu- 


tron and U,,, of the proton to which is transforms integrated over all space and 


spin coordinates: 27 r 


-2(P + Pp )e 
a=fuuve (En, *£e)° 


dv 


If the proton or neutron which is transformed remains in nearly the same quan= 
tum state after beta emission, Q is nearly unity. If the initial and final 
quantum states are different, Q is less than unity and it is zero when a trans- 
ition between two states is Pi iOada Pe VERGE) the transformation of a proton 

or neutron in state n to a neutron or proton in state mis forbidden. For 
most light elements in which comparatively few states exist at this level of 
excitation, it can be regarded generally as unity (or zero if it is energeti- 
cally impossible) the factor f(Z,E) is a correction to the electron wave func- 
tion in the presence of the strong Coulomb field of the mucleus. In light ele- 


ments, the correction is small and f(Z,E) is of the order of unity. For Z=0 


£(0,E) = 1. Its general form is given by: 


j S-1) Tra ZE "(s+ 25 
£(x,£) =2(2PR) (its)e © L 
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1/2 


P = electron momentum in units of me i.e., (E*-1) 


R= nuclear radius in units of h/2 me, 


1.5 x 10728 al/3 Hot 


N 
I 


= atomic number (negative for positrons), 


fine structure constant. 


a 
i 


ik = gamma function. 


The Fermi theory provides for a continuous distribution in energy for the 


ejected particles from E= m0” (mv® = 0) to a maximum energy, E, = me” + mv", 


) 
corresponding to the total transition energy for the particular nucleus and 
transition. The most probable beta energy is found to be Eo/2 and near both 
zero kinetic end the maximm energy, very few particles are to be expected. 

A difference in the numbers of positrons and beta particles should be found 

in the low energy end of the sprectrum for medium and heavy element because of 
the strong effect of the nuclear coulomb field. Fewer low energy positrons 
will be observed since, once formed, they derive addition energy from the re- 
pulsive electrostatic field, Conversely, a greater mumber of beta particles. 
are observed because faster particles loss energy to the field. 

Considerable difficulty was experienced at first in attempting to verify 
the theoretical distribution. The observed curve appeared to show a maximum 
at E0/3 rather than Eo/2 and in some isotopes, the general form of the curve 
was somewhat altered. Most of the difference between the observed and theo- 
retical energy curves arose from the great technical difficulty in measuring 
the beta particles in the low energy portion of the spectrum because of the 


more pronounced effects of asscattering and straggling. Unless the greatest 
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precautions are taken, self-absorption in the source and even the thinest mica 
counter windows shifts the maximum of the curve to lower energies. Observa- 
tions are sometimes further complicated in radioisotope s in which two or more 
beta particles (or positrons) are emitted per disintegration or when conversion 
electrons (line spectra) are present (see Gama Rays). When a nucleus can de- 
cay by one of several possible beta transitions, the observed energy distribu- 
tion is a superposition of the several Fermi curves (11). Conversion elec- 
trons, on the other hand, can be readily identified since they form a peak of 
high intensity and small energy spread superimposed on the continuous distribu- 
tions. 

An approximate expression for energy distribution for Eo < 2 mev has been 


given in the form (12) 


paz =a BY? (1 + 2p) (14n)”” (B, - 5)* az. 


A = constant for each iostope 


& form more useful for plotting experimental data is to be found in the 
reduced equation given by Kurie (13) 


(xy A-B(E+1) 


F 

N = number of particles observed in each successive 
momentum interval. 

2 


= energy in units of mc, 


A,B = experimental constants. 


In terms of the number, vw, of particles per unit energy range, it is 
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P = momentum in units of mc for energy E. 


C,D= experimental constants. 


Plotting ae)? or (x opr) /? against E, a straight line of negative slope 
is obtained if the particles follow a Fermi distribution in energy. The inter- 
cept on the energy ordinate corresponds to BE. = 1/2 mv" + m6.” 

The theoretical mean life, 7 , for beta (positron) decay is found by inte- 


grating the probability of emission per unit time over the whole range of energy. 


Eo 2 2 
pazp=q [al ru, EB) 
! 
P = total probability that a particle of 


3|r 
iH 

a 
il 


any energy is emitted per unit time. 


The exact form of the function F(Z »E,) is inconveniently complicated for calcu- 
‘lation and approximations valid over certain ranges of Z and Ey have been sug= 


gested: 


2 ‘ 
Po P(4) B.) 251 + 2.6 2... x10 iekide 15) 3 


F(Z, EO) ~ U (pyr? E - Ww (Z, - 1° 


noe ame 2ytS 1 le o's 
(25 !) l= eteta Z 
v= (E -108 74158 -6) 
, 0 0 o Ox5 


277 4 - 
w= Baz] °” eh her 
°) 


Pp average momentum, 


2. Z small, (BE, - 1) <1; (14, 16): 


7/2 
F(0, E,) = 0.216 (EB, = 1) é 
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3. 2>0, (B= 1) «2 "° o° 2°. tor Be only (18): 


2(S~1) =27 a2 
F(Z,E,) = uv (Pp) (l-e ) 
Se ae 
4, 220, (E- 1)<< 27 a 4, for Bt only (14); 


J [ «zl 
Re, 5) sur Tokiy aft _ 72a 2) -20 fete, -7)]™ 


In all cases the probable life for beta or positron emission decreases rapid= 


ly with increasing maximum energy, EO 


Le selection Rules for Beta Decay 


Nuclear transitions of the form n —® P, or P —»n involved in beta emis- 
Sion are classed as allowed, first, second, or higher order forbidden depend= 
ing upon the relative probability of the process. Empirically, a transition 
is classed by comparison of the half-life with beta-emitters of nearly the 
same atomic number. 

The product of the half-life & , and the function, F, defined in the pre- 
chathe section, is roughly constant for a particular transition class in either 
light, medium or heavy nuclei, An increase in the order of magnitude however 
is found for gross increase in the atomic number, due mainly to the more pro- 
nounced effect of the coulomb field with increasing 2. The orders of magni- 
tude of Ft for allowed, first and second forbidden transitions in light, 


medium, and heavy nuclei are given in the table below (15): 
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Transit. 


Allowed 3 x 10° 5x10 2x 10° 


lst forbid. 2x 10° 2x108 1x10? 


end forbid. 


Theoretical selection rules for beta decay are based on the form of the 
matrix element, Y, which determines the change in state accompanying beta emis- 
sion. For many light beta-emitters, Q ~ 1, since the residual proton remains 
in nearly the same state as the initially tcanddarmea neutron. This is much 
less likely in heavy nuclei. If the change in state is considerable, Q<<l, 
and the transition is to some degree (lst, 2nd or higher) forbidden, The 
principle change in state to affect the probability of transition is the change 
in total angular momentum, J, of the nucleus, and the parity change. The 


rules originally proposed by Fermi are: 


allowed AJ=0 no parity change 
lst forbidden AJ= 0, + 1, (0 --» O forbidden) parity change 


2nd forbidden AJ=+1, + 2, (1 €--> 0 forbidden) no parity change 


A second set of selection rules proposed by Gamow and Teller (17) based 
on a different choice of matrix element, Q, appears to find better support 
from the experimental data. The simplest results of the G-T rules, without 


reference to the matrix elements, are: 


allowed AJ= 0, +1, (0 --» O forbidden) no parity change 
lst forbidden AJ= 0 

O, +1 (0 =--> 0 forbidden) - parity change 

O, +1, + 2, (0 --> 0, 1<->0) 


1/2 --> 1/2 forbidden 
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2nd forbidden ye +.2 


+ 2, +3 (0 €-» 2 forbidden) no parity change 


M. K-Capture 


The inverse process to normal beta decay is the absorption by the nucleus 
of an orbital electron accompanied by the emission of a neutrino (18). Once 
in the nucleus the electron does not retain its intrinsic form but is essen- 
tial as in positron emission, to the transformation of a proton to a neutron, 
The electron absorbed is one of the two K electrons since they spend more time 
within and near the nucleus than the L, and M eledbrodits and hence, have a 
higher probability for capture when the process is energetically possible. 

K capture leads to a nucleus one charge unit smaller and to an atomic weight 
which is smaller than the initial atom by only mass equivalent of the increase 
in binding energy. 

The energy of the absorbed K electron has a definite value which is its 
rest energy minus its atomic binding energy, i.e., E, = (1 - a® 22)1/2 in 
units of me*, Thus, the neutrino must be ejected with a kinetic energy equal 
to the sum of the total electron energy and the nuclear transition energy and 


is therefore monoenergetic. Its value is given by: 


E, = EB, - E(z-1) +B, - 1285, + 8, 


transition energy in units of mc@, 


Eo 


Ez = energy equivalent of exact atomic weight of initial nucleus 
in units of mc®, 
E(z-1) = energy equivalent of exact atomic weight of final nucleus 


in units of mc“, 
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Although K capture frequently competes with positron emission in the 
same transitiot, in some instances it is the only process energetically pos- 
sible. Thus, only K capture is possible if the transition involves less 


energy than equivalent to the rest mass of an electron (0.5 mev) i.e., when 


1 - Ee < Ey - E(z-1) < 2 (units of mé2) 


while both processes are possible if E, > 1. , | 


The theoretical treatment and calculations of K capture mean-life and 


probabilities are essentially the same as for beta decay. The probability of 
a transition depends principally, as in beta decay, on the accompanying change 
in total angular momentum, AJ, of the nucleus; i.ew, U = O, allowed, +1, 


first forbidden; + 2, second forbidden; etc. The mean life is given by (15,19) 


ope = Bg Jaf? 2, 


Q = matrix element (~ 1 for light elements), 


& = experimental constant. 
For allowed transitions, ad = 0: 


ns mr (a 2)2(S+2) (E, + £,)2(S-1) L+8 
- 28.3 


For forbidden transitions, QA J =1, 2, S...60.: 


2 (g 7)5 --Fe(AI = 14+ Bo)? (mere \Pad +2/or\2(S-1) 1 4s. 
13 ...(243-1)"ag 


aK 


fine structure constant = 1/137. 


Q 
i 


Z atomic mumber,. 


E,, = energy given to neutrino. 
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nuclear radius. 


Bohr radius of K shell, 
(1 - a 22)1/2, 


8K 


ta 
i 


The probabilities of the first forbidden to the allowed transition 
will have a ratio of (a 2/2)", and successive higher orders of forbiddeness 
will have probability ratios of (E,/R)®, 

Observation of K capture is possible only through the detection of K 
X-radiation following absorption of a K electron, However, identification of 
K capture is sometimes hampered by a competing process of positron emission 
when this is followed by gamma radiation, If internal conversion of the 
gamma radiation is pronounced, the K-radiation is masked by similar radiation 
produced by the conversion, When positron emission is absent or when present 
but not accompanied by gamma radiation, K capture can be detected unambigu- 
ously. In some radioisotopes, the gamma radiation exhibits a much greater 
intensity than is expected from the observed positron activity. This, together 


with K-radiation readily establishes the existence of K capture. 
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Table 5. AVERAGE ENERGY OF BETA PARTICLES 


The data given below are taken from the computed and compiled values for 
average beta energies reported by Marinelli, Brinckerhoff and Hine, Rev. Mod. 
Phys. 19, 25 (1947), To ensure the highest accuracy they computed average 
values only from magnetic spectrometer measurements reported after 1959. In the 
case of complex spectra, the average value of the components is given as well 
as the average for the total spectrum, which was determined from graphical an- 
alysis. The average for simple spectra was computed from Fermi's theory for 


the energy distribution by the formla 


rE ("maf NdE (see: Beta Decay) 


The column giving percentage indicates the per cent of only beta parti- 


cles with different Ep or the per cent of positrons to K capture, 


(300+25 )(.58) 
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25 


25 


26 


27 
27 
27 
29 
29 


30 


55 
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Po E 
ia eo 
03 


52 | B+.K,7 (240+20)(.55) 
56 
890 40 
59 
120 15 
55 515 90 
56 655 35 
58 (195+20)(.15) 
61 (555+40)(.78) 
64 
(205+30 )(.58) 
63 
(985+40)(.98) 
82 150 15 
107 (140+20)(.003) 
*# 92 
114 940 30 
124 
660 35 
130 
270 20 
151 205 20 
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) * for only highest energy spectrum 


** for only lowest energy spectrum 
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4. ALPHA PARTICLE 


& Physical Properties 


Mass -------- 4.00390 0.00003 


Magnetic moment-- 
Packing Fraction--0.00098 mass units 


Binding anergy----50.0 mev 


On the basis of the existence rules for stable miclei, the alpha parti- 
cle is representative of the most stable configuration of neutrons and pro- 
tons, This is also immediately apparent from its comparatively high binding 
energy of 7.5 mev per nucleon, indicating that the short range nuclear forces 
binding the four particles are very nearly saturated, It can be safely as- 
sumed from this, that in the unexcited alpha particle, the proton and neu- 
tron of each pair are to be found in the same state except for their spin 
and that both pairs accupy the lowest quantum levels. This is born out by 
the relative instability of muclei formed by adding to or subtracting from 
the helium nucleus either a proton or neutron and also of nuclei containing 
four particles but different combinations of protons and neutrons. All such 
muclei are either radioactive or, if stable, exhibit markedly smaller binding 
energy. Further, the electrostatic repulsion, which in heavier mclei tends 
to decrease the effective binding energy, is in this instance quite small. 

It is to be expected, however, that additional quantum levels will ex- 
ist corresponding to several states of excitation and evidence for their ex= 
istence has been indicated in the energy region of 10 = 20 mev (1). Calcu- 


lations by Feenberg (2) and Bethe (3) lead to the possible existence of a 1p 
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state at something less than 20 mev above the normal level, and two Sp states, 
gas below the PF state and the other above it pnd probably not stable. From 
the optical selection rukes for such states, it was suggested that three gam- 


1 


ma rays should be observed corresponding to the allowed transitions “P = 1s, 


3p. ly ang tp - 13 


P- « On the basis of rather inconclusive experimental results, 
these transitions have been tentatively identified with gamma energies of ap-= 


proximately 16, 10, and 6 mev respectively. 


5. Absorption of Alpha Particles 


The mechanism mainly responsible for the absorption of not only alpha par-— 
ticles but all other heavy charged particles is the interaction of their coulomb 
fields with the bound electrons of the absorbing material. The rate of energy 
loss is adequately accounted for by the transfer of small fractions of the par- 
ticles kinetic energy and momentum to the excitation and ionization of each atom 
of the absorber within a radial distance of roughly 2v/w from its path,where v 
is the particles velocity and w, the lowest electron vibrational frequency of an 
absorbing atom. Two other absorbing processes occur, namely nuclear interaction 
and scattering by atomic nuclei, but their contribution to the absorption of a 
beam of heavy particles is negligible. 

Assuming that the stopping of heavy charged particles results wholly from 
ionization and excitation, calculations of the rate of energy loss, -dE/dx, in 
simple substance compare remarkably well with values derived from accurately 
measured ranges of alpha particles from the natural radioactive elements. The 
expression for energy loss per cm path, derived by Bethe (4,5,6) and Mgller +e * 


is applicable to mesons, protons, deuterons and alpha particles over a wide range 
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of energies. In its general form, including the relativity effect, 4t is giv- 


en as: 


e = electron charge, 

m= electron mass, 

N= number of atoms (not molecules) per cc. 
z= charge of particle (z = 2 for alphas), 
Z = Atomic number of absorber, 

v= velocity of particle, 

B= vel 

I= average ionization potential, 


C= K electron correction term. 


The range in energy over which the energy loss formula remains valid is 
determined by the lower and upper limits inherent in its derivation. Beyond 
this, other effects become important which camnot be accounted for soley by 
ionization losses. The lower limit arises from the assumption that the parti- 
cle velocity is greater than the highest electron orbital velocity in an ab- 
sorbing atom, i.e., E >> M/nE, where E,is the K electron ionization potential. 
When the particle and electron velocities become comparable,the vrobability of 
electron capture is no longer negligible and the charge of the particle is in- 

determinant in that it fluctuates with each collisions either gaining or losing 
an electron until it has been brought to rest. Considereble error is introduced 


in attempting to calculate energy loss for protons with less than 0.1 mev and 
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alpha particles less than 1.0 mev. 

The upper limit of validity requires that the particie energy, E, be small 
compared to ue oc? /n. At sufficiently high energies, radiative loss becomes im- 
portant. Even at energies of the order of 2000 mev a correction is required to 
particles traversing dielectric absorbers (see Fermi effect), 

When the velocity is small compared to the velocity of light, B <<l, the 
relativistic terms can be neglected. If, in addition ® <<l (see below), the K 


electron term is negligible and the energy loss formula takes the simple form: 


dE 4 met z*ZN eamv= 


= 
dx m y 2 2 L 


Oy Average Ionization Potential 


The average ionization potential, I, of an absorbing mucleus appears to be 
constant for all incident heavy particles and energies but increases with atomic 
number. As yet no satisfactory means for its calculation has been provided (4, 
6). Its value, however, can be determined empirically by adjusting the calcu- 
lated range energy curve (see Range) to an accurately kmowm range and energy 
of a proton or alpha particle in the absorber using I as an arbitrary parameter 
(6,8,9,10). The best theoretical value is given by Blochts eqation (11), I~” Z, 
using Wheeler's constant of proportionality of 11.5, The values of I determined 
empirically by Mano (12) and those ca&tculated from the Bloch=VWheeler equation 


are listed below: 
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Table 4 ,. AVERAGE IONIZATION POTENTIALS 


I ev I ev 
Wheeler ) Z__ (Meno) (Yheeler) _ 

1/2 E, 29 320 333.5 
30 340 345, 
He 36 390 414, 
42 445 483, 
Li 46 490 529. 

1/2 N, 47 490 540.5 
air exe 495 552. 
80.5 (6) 50 500 575. 
98.1 (13) 54 530 621. 

1/2 0, 99 


D. Correction Terms 


The K electron correction term added by Bethe to the stopping formula 
takes into account the reduced contribution of the K electrons to the ile 
ping power due to the screening effects of the outer electrons in all but the 
lightest elements. Its value as given by Livingston and Bethe (6) is plotted in 


Fig. (14) as a function of 1fy where 


2(Z-0.3) Ry 


mv 


|- 
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Z~@.3 = effective atomic number, 


Ry = Rydberg constant for hydrogen, 
m = electron mass, 

¢ 

Vv = velocity of particle, 


. 


For energies above several mev the correction becomes negligible and for ener- 
gies seit much smaller than this,where it assumes an appreciable magnitude,the 
effect of electron capture and loss results in an error of even greater magni- 
tude and the formula breaks down. The term, therefore, is frequently omitted 
in calculations since it does not provide sufficient correction at low ener= 

gies and is negligible at higher energies. 

A correction of 8 similar nature can be made in the effective atomic num=— 
ber. In all but the lightest elements,(Z>7), the K and L and in the heavier 
elements, possibly also the M and N, electrons are little excited because of the 
strong screening effect and do not contribute one charge unit per election to 
the value of Z used in the formula. The effective fractional contribution to 
Z per K and L electron is plotted in figure 13 from calculations by H§nl (14). 
At the present time it is not known to what extent this correction is important 
but it should be negligible at high energies. It is, in effect, similar to the 
procedure followed by Duncanson (9) in treating both I and Z as parameters in 
adjusting the simple Bethe energy loss formula to the observed data, 

An important correction to the Bethe stopping formula was introduced by 
Fermi (15) for very high energy particles traversing polarizable media. The 
electric field of the particle is altered by local polarization of the absorber 
leading to Sener rate of energy loss as compared with the formula above. The 


energy loss formula is then: 
1. For v < c/ fe | 
4 . E-3 
dE _ 2Te athe Re al ma a p2 
d x mv I e(1- 62) 


os 126 


ae 


2. Fer v > e//E 


JE atetz*ZN fine l= 2 
dx mve 


€= di-dlectric constant 


If the absorbing medium can be assumed to consist of elementary oscillators with 
a natural frequency, Wo the di-electric constant is a function of the electric 


field frequency, w, of the incident particle and is given by the expression: 


uw e-ZN 


e = | m(we — wi! 2 oes 2) 


where 417 Nze“/m is the plasma frequency. 
The correction becomes appreciable for protons of the order of 1000 mev 
and alpha particles at slightly higher energies. But for electrons and mesons, 


it is a imvortant factor at only several hundred mev. 


E. Relative Stopping Power | 


The energy loss yer cm is usually referred to as the stopping power of a 
substance, Calculations of the stopping power of various substances relative 
to air, for which accurate calculations and measurements have been made, is 
complicated by the dependence on the velocity of the particle as well as on the 


atomic number and average ionization potential. Approximately, it is given by: 


niz! leg amve/z / 


SCS 
N Z log 2imv"/z 


where the primed letters refer to the substance and the unprimed to air. Meas- 


urements of relative stopping powers of absorbers for alpha particles relative 


to air are given below for two energies and in figure 15 for various energies. 
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For heavy charged particles with energy above one mev the relative stopping 
power changes very slowly while above 10 mev it remains essentially constant 


for all higher energies. 


Table 5, 


ATOMIC STOPPING POWER FOR ALPHA PARTICLES RELATIVE TO AIR AT N.T.P. 


Absor= Rac a 6 mev a Absor= Rac a 6 mev a 
ber (16) (10) ber (16) (10) 
ed 
H 2200 220 Ni 1,89 
He 2508 205 Cu 2.00 2.57 
Li 519 e 50 Zn 2.05 
Be - 750 Br 2251 
C 814 Kr 2.92 
N 2959 099 Mo 5.20 
0 1,000 — 1.07 Ag 2074 5.56 
Ne 1.25 Cd p08 16 
Mg 1.25 Sn 2.86 5.59 
Al 1.27 1.5 I 5.55 
Si 1.25 Ye 5.76 
Cl 1.76 Pt 5.64 
A 1.80 1.94 Au 5.75 4,50 
Ca 1.69 an 5.76 
Fe 1.96 Pb 5. 86 4, 4% 
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F. Atomic Stopping Power 


The atomic stopping power, ©, frequently termed stopping cross section, 
is defined as the energy loss per cm divided by the mumber of atoms per cc. 


Using the approximate form of the energy loss formula, it is given by: 


gm etzeZ 2mv* 5 
nl oF ev cm 
mve I 


G. Mass Stopping Power 


The mass stopping power is defined as the energy loss per cm divided by 
the density of the absorber or as the stopper power per unit density. From 
Baggs empirical rule as well as from the stopping power formla, it is found 


to vary approximately as the inverse square foot of the atomic mass of the ab-= 


sorber. 


H. Range of Particles 
The distance traversed by a charged particle in an absorber is the total 


path length required for complete loss of the prticles energy. With an ini- 
tial energy Eo, in units of in", the range is calculated with the aid of the 


energy loss formula by the integral 


E 
° dé 
RK = dE 
0 dx 
dE = energy loss per unit length of 
ax path, 


The evaluation of the integral mst be carried out numerically and when 


possible, is usually started at some well established experimental value of the 
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renge and energy rather than that at zero:energy. 


Unlike the comparatively indeterminant range of beta particles and the 


exponential absorption of gamma rays, the ranges of mesons, protons, deuter- 
ons, and alpha particles are well defined in that all particles in an initial- 
ly homogenous beam are brought to rest after traversing the same distance 
through an absorber with only a small spread about the mean range. Heavier par- 
ticles with a higher charge mumber, such as fission fragments do not exhibit 
well defined ranges. Their charge varies rapidly with velocity due to elec- 
tron capture and hence the stopping formula cannot be applied even for a first 
approximation. It is probable, however, that at energies of the order of 1,000 
mev their charge will remain constant and their velocity become high enough 

to satisfy the conditions required by the formla, This will still not prove 
to be very useful, since the range of a heavily charged particle is small and 
the straggling large. 

On the basis of early measurements on the range of alpha particles from 

the natural sadioisotopes, three empirical relations were established for the 
variation of range in air with energy. 

1. Range between O - 3 cmé 


gw GLP we il* 


2. Range between 3 = 7 cm (Geiger formula): 
=28 3 
R = 9.67 x 10 Vv 


3. Range above 7 cm: 


These relations should be regarded only as qualitative since,in the varia- 


tion of R with v', the exponent n also depends on the velocity and increases from 
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n = 1.4 for low velocities to n = 4,0 for very high velocities (6), 

: The relative range of a particle in a substance compared to air cannot 
be calculated with accuracy by a simple expression because of the involved 
dependence on the stopping power of different atoms, Nevertheless, a rough 


extimate of the range of alpha particles in substances other than air can be 


calculated from Geiger's formula: 


Rov A 


Rs 5.2 = 10°* ecccee 
: P 


Ro = range in air. 
f = density of absorber. 
A = average atomic weight of abeorber. 


Table 6. RANGES OF RaC ALPHA PARTICLES IN VARIOUS SUBSTANCES (16) 


Substance Range x 107° om Substance Range x 107° cm 

Li 12.91 Ag 1.92 
Mg 5.78 Ca 2. 42 
Bec 4 4,06 Sn 2.94 
Ca 7.88 Pt 1.28 
Fe 1, 87 Au 1.40 
Ni 1.84 Tl 2.55 
Cu 1,835 Pb 2. 41 
zn 2.28 


Le Specific Ionization 


The number of ion pairs formed per unit length of path of an alpha parti-~ 
cle is referred to as the specific ionization. Its value depends upon the ab- 


sorbing material and on the velocity and charge of the particle at any instant. 
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In air at normal temperature and pressure, the specific ionization remains es- 
sentially constant with a value of 2000 ion pairs per cm for high energy alpha 
particles. At low energies, it increases rapidly toa maximum: of 6000 ion pairs 
for “i energy corresponding to a residual range of approximately 0.4 cm as shown 


in figure 16. 


J. Delta Rays 


The recoil electrons produced by alpha particles, observed as short, faint 
edGbiae gitine tracks branching from the alpha track in a Wilson cloud chamber, are 
referred to as delta rays after J. J. Thomson (17), The maximum energy impart- 
ed to a recoil electron, which occurs in a head-on collision, corresponds to 
twice the alpha particle velocity or ae = 2 my” = 4 mB/il. Thus, for a 10 mev 
alpha particle the most energetic delta ray will have an energy of approximately 
6500 ev and a range in air of several mm. The average number of ion pairs lib= 


erated by a delta particle of energy Eg has been calculated to be (18): 


n=3/4(1+  £é ) 
— 
V = ionization potential of absorber. 


The number of delta rays produced and their energy distribution depends 
in a complicated way, on the alpha particle velocity and the absorber, and no 
satisfactory method for their calculation is available. Experimental data is 


given in table 7. 
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a Strage ling of Alpha Particles 


The range of energetically homogeneous alpha particles exhibit a statis- 
cal fluctuation or "straggling" about an average value. Two factors are main- 
ly responsible for straggling: 1. fluctuation in the number of ions produced 
per unit length, particularly near the end of the range where the charge of 
the alpha particle may fluctuate; 2. statistical variation in the energy loss 
per ion pair. By plotting the number of alpha particles of initially homogene- 
ous energy against the observed range, an integral range distribution curve is 
obtained (see figure 17). Differentiating this curve results in a differen= 
tial range distribution curve or the distribution of ranges about an average 
value which is approximately a Gaussisn distribution curve due to the purely 
statistical nature of straggling. 

The mean range is defined as the range corresponding to the maximum of the 
differential (Gaussian curve) or alternatively as the range at which the number 
of alpha particles is reduced by one-half. 

An extropolated range is determined from the integral curve by extending 
a straight line along the slope of steepest descent to where it intersects the 


abscissa (range). From the difference between the extropolated range, R, and the 
2 
mean range, Ro, given by S = 1/2 W (R-Ro)*, the Gaussian (differential) distri- 


bution can be expressed as: 


~ 7, (R-Re)* 
Rah ee a Yar 


These definitions are exactly true only for energetically homozeneous parti- 
cle beamsi.e., particles from a source which is infinitesimal in thickness. In 
practice, sources and targets are usually "thick", i.e., thicker than the range 


of the particles, In this case the beam is not strictly homogeneous because 
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particles emitted by atoms at various depths are partially absorbed and scat= 

' tered by different amounts before reaching the surface of the source. However, 
from thick, homogeneous samples and thick targets in which the production of 
particles is uniform thréugh the thickness of target, the extropolated range 
obtained from the measured number-range curve gives the mean range of the parti- 
cles coming from the surface (6). Corrections must be applied in all other 
cases, e.g. "semi-thick" targets and sources (i.e., with a thickness of the or-= 
der of the particle range) and in thick targets when the radiation producing the 


particles does not penetrate the target with uniform intensity. 


L. Scattering of Alpha Particles 
Elastic scattering of heavy charged particles is quantitatively accounted 


for on the basis of interaction between the Coulomb fields of the incident 
particle of charge ze and the struck nucleus of charge Ze. It is assumed in 
such collisions that the particle does not approach the mucleus so close as to 
be affected by the short range nuclear forces since these fields result in a 
different kind of scattering. For alpha particles,the minimum collision distance 
appears to be approximately 2.05 x 10° 4l/s where A is the atomic number of 
the struck micleus. 

The simplest scattering occurs in collisions of particles with very heavy 


nuclei since the struck nucleus then remains virtually stationary during the 


collision and the prticle is deflected, or recoils, with little loss of energy 
and momentum. Rutherford's formula expressing the number of particles deflect- 


ed into a unit solid angle at an angle @ with the initial direction is then: 


2 
e 4% @ 
n(e) = RON aly cosec* £ 
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initial number of particles in the bean, 


no 


b=} 
Hi 


number of atoms per cc, 
2 = charge number of particle, 
Z = atomic number of scatterer, 


m <= mass of particle. 


Collisions of alpha particles with light muclei mist be corrected for the 
contribution of energy to the struck nucleus which recoils with an appreciable 
fraction of the total energy. The general Rutherford formula for the number, 


n, of particles scattered into a unit solid angle at an angle, 9, is: 


& / 29 —~/m/\2 I: 
n(e) = nN eek, cosect gene ea ik IA cosa =) 


ve 
cosecé — tier 7 


M = mass of nucleus. 


where the + sign is used if M>~m, and = sign if M<n, 

Although particles will be scattered at all directions, the intensity 
drops off very rapidly with the angle, thus in the case of alpha particles on 
platinum, less than one particle in 8000 will be scattered into an angle great- 
er than 90°, Backscattering in light elements is entirely negligible. Calcula- 
tion of the scattering of particles by heavy elements for energies up to 10 : 
mev are given to a high degree of accuracy by the Rutherford formlae. 

Deviations from Rutherford (Coulomb) scattering calculated from the 
formulae above will be found for certain energies of the incident alpha parti- 
cle depending upon the properties of the scattering nucleus. Amnomalus scatter- 
ing will occur if, 1. the particle energy is sufficiently high to penetrate 
the electrostatic potential barrier and be affected by the nuclear forces; 

2. the energy of the particle plus the internal energy of the scattering nuc- 


leus equals the energy of a wuantum state of the compound nucleus. Anamolous 
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scattering which increases slowly with increased particle energy can usually 
be identified with penetration of the potential barrier. Anamolous scatter- 
ing which increases rapidly to a maximum intensity and then decreases, indi- 


cates resonance scattéring. 


M. Al pha Dec ay 


The theory of alpha decay is based on the now familiar quantum mechani- 
cal problem of the penetration of charged particles through potential bar- 
riers. Some assumptions must be made about the shape of the potential field 
forming the barrier, but the theory can account for the main details ofalpha 
emission and provide estimates of its probability. 

If it is assumed that the alpha partiéles already exists as a separate 
entity within the nucleus and that the only effect of the remaining parti- 
cles on it is to provide a potential "well" in which the alpha particle ex- 
ists in some energy state, the problem immediately reduces to the one-body 
model for alpha decay (19,20). 

Within the nucleus the alpha particle can move with relative freedom, 
At the surface it is constraimed from leaving by an effective surface ten- 
sion maintained by the unsaturated attractive nuclear forces of those parti- 
cles lying at the surface. This force rises ranidly to a maximum value at a 
distance approximately equal to the muclear radius and for the purpose of 
calculations it is usually regarded as vertical at the nuclear radius and 
flat within the nucleus. Outside the nucleus, the muclear potential field 
decreases rapidly and only the repulsive Coulomb field remains which de- 


creases more slowly, i.¢e., as l/r from the center of the nucleus. The 


height of the barrier above the zero Coulomb energy, i.e., the value approach- 


ed asymtoticallyby the Coulomb field, is determined by the point near the 


surface where the attractive and repulsive fields are equal for the alpha 
particle, This is approximately the magnitude of the coulomb field at 
the surface or 


oy, Oe 


b R 


N 
il 


alpha charge. 


Z = atomic number. 


wa 
Il 


nuclear radius, 


The field in the nucleus, therefore, may be represented by a cylindri- 
cal potential hole extending an unknown distance a below the zero coulomb 
energy and E above. Outside, and starting from the top of the cylinder, 
only the coulomb field is effective. 

In the nucleus, an alpha particle in an energy state above the zero 
coulomb energy has a finite probability of leaving by penetration through 
the barrier even though its energy is considerably less than the barrier 
height. If it is raised to a level equal to the barrier, or into the contin- 
uum of states above the barrier by external excitation, it is emitted,}o all 
purposes instantaneously. The mean life, T, for alpha emission by penetra- 


tion through the potential barrier (alpha decay) is given by the expression: 


T =. 3, ef 
0 
2 2 Mo § 2 1/2 “21 
ae “ MY 10 sec, 
2 
h 
2 whe 22 1/2 1/2 
p= Smile _ (cos tM a 
hv 
o Msigt 2. -40le (2 2z wy’? 
hv h « 
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ER 
zZe* 


E = energy of alpha particle above zero coulomb 
energy, or the observed kinetic energy of the 
alpha plus the recoil nucleus, 

m = mass of alpha particle, 

R = nuclear radius. 

v = alpha particle velacity. 


h = Planck's constant, 


The factor me is the mean life for alpha emission in the absence of a bar= 
rier and 1/et is the transmission coefficient or penetrability factor of the 
barrier, 


Writing the expression for VT in terms of logarithms, 


1 
be 


Lop J — +S 
A - 
=. i 9 alas 
B = log T, 


If it is assumed the muclear radius is nearly constant for all alpha emit- 
ters, A, and B are nearly constant and the logarithm of the mean life is in- 
versely proportional to the velocity of the aloha particle. This relation 
was first discovered empirically by Geiger and Nuttall 21). A similar 


relation is found between the range, R, and the mean life: 
log T= C=-DilogR 


A modification of the one-body theory of alpha decay has been proposed 


(22) in which it is assumed that the al pha particles does not exist in the 


5669 138 


moleus as separate entity but rather, its constituent particles are bound a 


in the general structure of the remaining particles. The probability of al- 
pha emission is then determined by the probability that an alpha particle is 
formed as well as by the probability for barrier penetration. The mean life 


for alpha emission will be then 


where ef is the penetrability and h/2 W G is the probability of alpha particle a 


formation, The many-body model, as it is called, leads to a lower barrier 
height, and a somewhat larger nuclear radius (~ 13 x 107° om as compared to 


~ 8.5 x 10715 om for the one=body model), 
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Table 7. Secondary Electron Produced by ‘Alpha Particles in Tissue 


Table gives the number of electrons, with an energy greater than E, 
produced by an alpha particle per micron path length in tissue of density. 
P =1. The values for similar substances but with different densities 
are obtained by multiplying by the density in gm per rv Data reprinted 


from Lea, D.E., Actions of Radiations on Living Cells, Cambridge (1947). 


E a-particle energy in mev 


fe 
nw 
Ga 


4 5 6 7 8 10 


O.1 436.4 2351.4 159.5 121.5 98.15 82.51 70.87 62.22 50.01 
0.15 246.6 146.6 102.9 79.08 6420 5401 46.61 40.99 33,03 
0.25 110.8 78.64 57.59 45.15 37.03 31.58 27.21 24.02 19,44 


0. 46; 20.26 55.56 27.40 22.49 18.92: 16,28: 14.27 12,70. 10,59 


0.65 <---- 15.95 15.80 13.78 11.96 10.48 9.298 8.343 6.907 
0.75 <=--- 10.72 12.31 11.17 9.865 8.737 7.805 7.087 5,862 
0.95 ----- 3.575 7.546 7.596 7.006 6.3545.763 5.250 4,432 
ee 5.109 5.768 5.544 5.136 4.718 4.336 3.701 
1. 5 Peta: >—eeinwe 0,998 + 86682 --B,-0F 4:3, 028:- 2, 964-8, 7951 = siege 
2.25 seeee nee ween- mee-- 0.810 1.191 1.337 1.378 1,334 
B25 wee eee ee eee eee ee 0.031 0.342 0.507 0.638 
4,25 weene meee ween meen wenn=  eeene aon 0.046 0,269 
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7 PROTON 


Mass (neutral): 1.00812 
charge: (1.60205 + 0.00054) x 10°29 abs, e.m.u. (1) 
magnetic moment : +2.7896 nuclear magnetons (2) 
spin; 1/2 
statistics: Fermi 


The interaction ef protons with matter follows in detail the section on 


‘alpha particles when unit charge and mass are substituted in the formlae, 


This introduces only changes in magnitude and the processes of energy loss and 
scattering, together with the range-energy relation are identical. 

The energy loss of protons per cm path is just one quarter of that for 
alpha particles of the same velocity. Since the energy varies directly as the 
mass, the renge of a proton can be obtained from that of an alpha particle with 


the same initial velocity, from the relation 


2 
i Ra + Const. 
Mx 4» 


The constant is included to adjust the range at very low energies where the 
charge fluctuation of the alpha particle is less certain than that of the 


proton. Blackett (2) has given this as 


Rp = 1.0072 By - 0.20 om 
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Table 8, Secondary Electron Produced by Proton in Tissue 


Table gives the mimber of electrons, with an enerry greuter than E, 


produced by a proton yer micron path length in tissue of density, P = 1. 


The values for similar substances but with different densities are obtain- 


ed by multiplying by the density in gm per ce.” Data reprinted from Lea, D, 


E., Actions of Radiations on Living Cells, Cambridge (1947). 


2.25 
2.75 
5.75 
5.5 
6.5 
8.5 
10.5 
12.5 


15.5 
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50, 58 


11.35 
5.650 
5. 458 
2.298 
Ll. 441 
0. 66356 


0. 2157 


proton energy in mev 


15.66 
6.042 
5.193 
2.097 
1.517 
1.089 
0. 7001 
0. 4752 
0.3440 
0. 2145 


0. 0591 


10. 52 


4,110 
2.211 
1, 480 
1, 093 
0. 8076 
0. 5486 
0.3986 
0.5112 
0. 2248 
0.1212 
0. 0506 
0. 0007 


4 


7.921 
3.113 

1. 689 

1.141 

0. 8507 
0. 6364 
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8. DEUTERON 


mass (neutral): 2.01472 


charge: (1.60203 + 0.00034) x 10-20 abs. e.m.u. (1) 


magnetic moment : + 0.8565 + 0.0004 meclear magneton (2) 
binding energy : 2,185 + 0,02 mev (4) 
spin: 1 


statistics: Bose-Einstein 


The interaction of deuterons with matter follows in detail the section on 
alpha particles when the appropriate deuteron mass and charge are substituted, 
This introduces only changes in magnitude and the processes of energy loss and 
scattering together with the range-energy relation are identical to those of 
alpha particles. 

The ensrgy loss of deuterons per cm path is just one-quarter of that for 
alpha's of the same velocity. 

Since the energy varies directly as the mass, the range of deuterons can 
be obtained directly from the range of alpha particles of the same velocity 


from the relation 


Ma Zq 2 
ae. Ra 


or 
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9. NEUTRONS 


A, General Properties 


mass: 1.008987 + 0.0000075 (1) 
charge: 0 , 
magnetic moment: 1.9105 + 0.0012 muclear magneton (2) 
statistics: Fermi 


half-life: “20 min. 


The behavior of neutrons in matter is very different from that of 
charged particles. No range-energy relation can exist since a neutron does 
not lose energy by ionization or radiation and its interaction with meclei 
depends in a very complicated way on its energy and the structure of the 
struck mucleus. Actual loss of energy can occur only through elastic and 
inelastic scattering by muclei but the probability of these processes is, 
with the exception of hydrogen and a few of the lightest elements, roughly 
only the same magnitude as those processes in which the neutron is captured 
(2 10724 cm*), Consequently, after traversing even short distances in an 
absorber, an initially homogeneous beam of neutrons has diminished in inten- 
sity through loss of neutrons from capture and has had its energy distribu- 
ted into a continuous spectrum by the effects of scattering; both processes 
depending on the energy and on each other. A range-energy relation, there- 
fore, would not properly describe the behavior of neutrons nor can one be 
computed. 

Terms which more adequately describe the behavior of neutrons in matter 
must necessarily involve the energy and the specific absorber (or scatterer), 
Principally, these are the probabilities for the various possible interac- 


tions with nuclei in terms of cross sections for the processes at different 
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energies, and the spacial and energy distribution of neutrons in the sub= 
stance, In the case of diffusion, additional properties are important such 
as flux, diffusion length, mean free path, and albedo. 

The very marked dependence of neutron processes on energy has lead to 


the universal use of the terms fast, slow, and thermal to indicate broad 


and rather indefinite energy ranges. Fast neutrons are those with any energy 


greater than tens of kev; slow neutrons are those which possess energies less 
than this. Included with the slow neutrons are thermal neutrons which pos- 
sess only thermal kinetic energies; energies of the order of kT (~ 0.02 ev). 


Because of their absence of charge, neutrons are unaffected by the 


Coulomb barriers surrounding nuclei which in the case of charged particles 


prevents nuclear interaction except at high energies, Neutrons of all ener= 

gies, down to the slowest thermal neutron, therefore, have free access to 

the nucleus with which they may form a compound nucleus. The type of reace 
tion which follows the formation of the compound nucleus depends on the 
initial neutron kinetic energy and the form of the initial mecleus. In all 
cases, neutron interaction, depending on these conditions,will lead to one 
of the following processes: 

1. Elastic scattering ; Initial kinetic energy of the neutron shared by 
recoil nucleus and scattered neutron; no change in nucleus. 

2. Capture: Struck nucleus retains neutron, generally with emission of 
gemma radiation. 

3. (n,n) : Neutron capture followed by emission of one or more neutrons; 
special case is elastic scattering; neutron leaves with same energy as 
initial neutron, 

4, (n,p) 

(n,d) 

: Neutron captured and one or more charged particles emitted. 
(n,a) ; 
(n,ap) 
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5. Fission: Neutron absorbed and compound mecleus splits into two frag~ 
ments. 

6. Other processes are now reported in which very high energy neutrons 
(“100 mev) totally disintegrate nuclei cr lead to the emission of large 


numbers of particles, 


In most instances, several processes are found to compete simltaneously 
and with probabilities of roughly the same magnitude. In particular, elastic 
scattering and radiative capture have cross sections of similar magnitude ever 
wide energy ranges in many substances, 

Aside from its present important practical applications, such as the 
chain reacting pile and the production of radioisotopes, the variation in 
the magnitude of cross sections with energy for the various cross sections 
provides a convenient means for determining mclear energy levels. This is 
possible mainly with slow or thermal neutrons. At these energies, the levels 
are suffieiently separated so that with beams of monoenergetic neutrons it is 
possible to detect level differences by the presence of resonances in the 
incident neutron energies, at which the cross sections for capture and scat- 
tering exhibit well-defined peaks; frequently several orders of magnitude 
eeenter than the values for off-resonance energies. For low energies and 
light and medium nuclei, usually a single quantum level is effected by the 
incident neutron while adjacent levels do not contribute in the formation 
and disintegration of the compound nucleus. At high neutron energies, welle 
defined resonance peaks disappear and the cross section, or probability, of 
the nuclear process decreases relatively uniformly,in most substances as 1/f, 
where E is the incident neutron energy. At these energies the spacing (in 


terms of energy) between levels becomes less than the width of the levels 


5669 191 


(width at half maximum value) and, consequently many quantum levels may be 
involved which effectively contribute to a more complex state of excitation 
in the compound nucleus. At very high energies where the deBroglie wave 
length of the neutron becomes smaller than the nucleer diameter, the capture 
and scattering cross sections remain essentially equal to the geometric cross 
sectional area and surface area respectively of the nucleus. 

The slowing down of neutrons is of the greatest practical importance 

_ because all kmown sources provide only fast neutrons. In some respects the 

problems it presents are similar to those encountered in the diffusion of 
ordinary gases, or in the case of slowing by heavy miclei, the diffusion of 
electrons in a condustor, The principle problems in both slowing down and 
thermal diffusion are the neutron distribution in space, i.e., the neutron 
density, and the energy distribution throughout the diffusing medium, 

For a detailed discussion of neutron processes, see: Bethe, H. A., 


Rev. Mod. Phys. 9, 69 (1937), 


B. Elastic Scattering of Neutrons 


Elastic scattering involves only a redistribution of the initial neutron 
energy and momentum between the scattered neutron and the recoil nucleus as 
required by the conservation laws. The nucleus otherwise remains unchenged - 


during the collision and, hence, no energy is lost through excitation. The 


energy trensferred to the recoil nucleus of mass M is 


er ee ee 


mM sin2 0/2 
(M + M)2 


i] 


m = neutron mass. 


& 
i 


nuclear mass, 


4M Ae ee ee aa 


te 
° 
i 


initial neutron energy, 
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ee 


@ = deflection angle of neutron from its initial 
direction with respect to the center of mass, 
For a head-on collision (@ = 180°) the neutron looses the greatest 


energy: 
- ‘4nMEo 
max (m * Wye 


Thus, in the case of hydrogen (m= M), a neutron can loose its entire energy 
and be brought to rest in a single collision, 

The elastic scattering of slow neutrons is given by sum of two processes. 
The first arises from "potential" scattering for which the cross section is 
identical to that obtained for the collision of two hard spheres and is equal 
to the total effective surface area of the struck mcleus. The second term 
becomes significant when the neutron energy is near resonance with a level of 
the mucleus. When only one level is affected, as will frequently be the case 
for slow neutrons, the total elastic scattering cross section is given by 


the potential scattering and the Breit-Wigner "one-level" formla (3,4) 


i, 3 4R(E -Er) + Xrlz 
Gg = AUR? + ( try ie fe va? 


R = effective radius of nucleus, 
Ey = resonance energy, 
Ar = de Broglie wave length of neutron at resonance energy, 
= (h2/en? pe)?/2, 
p = mM/(m + M) 
= neutron width 


[" = total resonance level width 
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a” % a 
i = angular momentum of nucleus before collision, 
+ sign used if angular momentum of resonance 
level is i+ 1/2; - signif it isi- 1/2. If 


i = 0 (most even-even nuciei), plus sign is used. 


fhe shape of the cross section curve near resonance is similar to the disper- 
sion curve for light. A maximum occurs at exact resonance and decreases rapidly 
on either side. On the low energy side, it decreases rapidly to a minizxum 
value before returning to the normal bdigtabe value for potential scattering. 

If the ratio Ar[n/Rl is large, the displacement of the minimum from the exact 


resonance energy is (2) 


Er = Emin = Arly/2R . 


The relative magnitude of potential and resonance scattering is seen 
from the ratio of total cross section at exact resonance to the cross section | 
| 


for only potential scattering (0, = 4mR2); 


Spee ve (ts eee 


When A+I, << R only potential scattering is at all important. This appears ; 


from experimental evidence to be the case for nearly all substances with only 


a few exceptions, e.g., Ag. In general, therefore, resonance scattering is 


smell or negligible,and the cross section nearly constant with respect to the 


a 


neutron energy. 

In most nuclei, elastic scattering is obscured by competing and more 
probable capture processes. Only in the light elements, excepting Li6, B10, 
N14, and in a few of the medium weight elements are the elastic cross sece 
tions larger than capture, Hydrogen exhibits the largest cross section; 

12 x 10°24 om?, 
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C.' Interaction of Slow Neutrons with Nuclei _ 


The interaction of neutrons with nuclei involving the process of 
capture, formation of a compound nucleus, and the subsequent emission of 
radiation was first treated by Breit and Wigner for the case where only one 
nuclear resonance level was important in the process (3). This was later 
extended to the more general problem by Bethe and Placzek (5) and others (6,7,89 ). 
If only one level is important in the interaction process because of 
the wide spacing of levels in the energy range to which a slow or thermal 
neutron can excite the micleus. then the cross section for the formation of a 
compound mucleus and the emission of a particle ( or gamma ) of the kind q 
is given by the one-level formula in the form 


= ( + A A, In MG 


2i¢il 


(B 98.) +a/et ” 


> 
i 


de Broglie wave length of neutron. 


>X 
on 9 
Hy 


de Broglie wave length at resonance. 
= neutron energy. 


resonance energy. 


cr i te 
it 


= neutron width. 


width for emitted particle ( or gamma ray ), 


ot 
i 


[’ = total width for all processes. 
The total width, [", includes all possible processes sunmed over their 
| widths. This includes neutron emission, gamma ray and charged particle 


emission as well as fission. Since the neutron width varies a gl/' a the 


total width can be written in the form 


P= f, ws)" +) 
eS - 
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Ordinarily, for slow neutrons, only one kind of particle has a high proba- 


bility for emission and the contributions of other processes to Tr" is 


negligible. Furthermore, the emission of a neutron (inelastic scattering) is 
important only when simple capture with gamma emission is unlikely and when 
the emission of a charged particle is energetically impossible because of the 
potential barrier. But usually, J", << G as seen from the fact that the 
observed ratio for these two widths is ~ 107°. Therefore, the total width 

in many instances can be set equal to the particle width; r *i,. In 
individual cases, the relative magnitude of the neutron width can be deter=- 
mined experimentally from the cross section at exact resonance since it is 


then directly proportional to the ratio LT SOs 


2i + 61 


Ai xtc? ee dee 
(On )y sai ° Ay (2 r 


From the one-level formula for elastic scattering and the similar 
formula above for capture, the ratio of the two cross sections gives the 
relative probability at resonance for elastic scattering (neglecting po= 
tential scattering) with respect to a competing capture process (with 


particle or gamma emission): 


yy Tes . 
| M% ( By 


This ratio is greater than unity for most of the lightelements (except Li 6, 
B 10) and in general, less than unity for elements of medium atomic weight 
(except Fe, Ni, Cu). 

The emission width, Vas for charged particles is the product of the 


particle width without the potential barrier, ie 


t 
of the barrier, i.e., ‘a =P, Py? where Pa = et (see: Alpha Decay). Because 


» and the penetrability,P, 


of the factor P, charged particle emission is all but the lightest elements 
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and in the special case of fission, is extremely improbable under slow 
neutron bombardment. Proton emission is known only for N 14 although itis 
energetically possible for B 10 (4). Alpha particle emission is observed 
only in Li 6 and B 10 which have very large crosssections; 5000 and 900 barms 
respectively. The total kinetic energies released in these two processes 
(a}pha plus recoil nucleus) are 4.6 and 3.0 mev respestively. 

Withou a more exact and detailed model for the nucleus, the most pro- 
bable process and its width must be determined experimemtally. In general, it 
will include any one of the processes (n,n), (u,p), (n,a), (n,y) and fission, 

If the energy of the neutron is small compared to the first resonance 
level, or if it is small compared to the width of the first level, i.e., | 
EB << E.. or g <<f", then the resonance terms become unimportant and the . 
cross section for capture varies direcbly with a or as ify, where v is 
the neutron velocity. This is observed most clearly in Rh, In, and Ir for 


thermal neutrons, and for B 10 for energies up to ~ 0.1 mev. 


D. Interaction of Fast Neutrons with Nuclei 

The interaction of fast neutrons with nuclei involves a single nuclear 
energy level only when the level spacing is comparable with the total neutron 
energy. This is sometimes the case for light elements and a energies up to 
~ 1 mev; corresponding excitation energies of the order of 7 - 8 mev. In 
medium and heavy nuclei and for higher energies and light muclei, more than 
one level is excited in the formation of the compound nucleus and in the 
subsequent emission of radiation (gamma, neutron, or charged particle), 
and the one-level formula is then not valid, When the levels are slosely 
spaced, an average cross section for a particular process is obtained by 


sumning the one=level forma over all states of the final nucleus, If it can be 
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assumed that the average level spacing is small, i.e., the level density is 


ys 


high, instead of summing, the averaging can be performed by integrating over 


Ne ee 


an energy range large ,compared to the level spacing but small compared to the 
neutron kinetic energy. The average cross section for the capture of faet 


neutrons and emission of a particular radiation q is given by 


ST AS TY Fl ge Sit yl tn, ale 


o = nn?g a 


R = wmuclear radius, 
fq = particle, radiation, or fission width. 
(= totel width for all processes, 


§ = sticking probability. 


Further, the total average cross section for any and all processes, q, 
which can occur, (n,n), (ny), (n, charged particle), fission, etc., is found 


by summing over the width for all processes: 
o = WREE 


The sticking probability, €, as used here, is defined as the probability 


Ee 


that a neutron which strikes a nucleus will stick, i.e., be absorbed to form 
@ compound mucieus, For high gacicisaes energies where the nuclear level 
spacing is small this is roughly = [)/p, where I", is the neutron width end 
D, the average level spacing. For high energy neutrons and particularly in 
medium and heavy elements, the sticking probability is nearly unity. For 
medium energies, ~l1 mev, it appears to be of the order of 0.1 and for low 
energies, considerably less (4). At very high energies, therefore, the total 
cross section, or if only one process is important ,then ite cross section , is 


just equal to the geometric cross sectional area of the mcleus » TR? (“10725 m2 ), 
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This,necessarily, corresponds to energies for which the neutron wave length 
is less than the nuclear radius. 

Brief descriptions of the separate processes are given below, 

1. Inelastic scattering (n,n). 

The emitted neutron is ejected with less kinetic energy than the 
initial neutron, Only in the event that the mucleus is left in the ground 
state are the two neutrons energies equal; in which case the process is 
similer to elastic scattering. In inelastic scattering, the difference 
between the energies of the initial and emitted neutrons is contributed to 
the excitation of the residual micleus and is subsequently emitted as gamma 
radiation, The direction taken by the ejected neutron is purely random since, 
in effect, the nucleus does not remember the direction of incident neutron, 
Such neutrons, therefore, are observed to be emitted uniformly over a sphere, 
Also it is to be noted that the energy and momentum laws for the collision 
of hard, spherical particles does not hold since part of the energy is lost 
to excitation, 

If the incident neutron energy is less than the lowest muclear level, 
only elastic scattering can occur, i.e., for slow or thermal neutrons. On 
the other hand when the energy is sufficiently high to excite many levels, 

a neutron may be emitted by any one of many possible level transitions and 
the observed energy distribution of the neutrons is approximately Maxwellian 
(8). 

The observed (n,n) cross section for fast neutrons is found, in many 

substances, to be a large fraction of the total cross section for all possible 


processes, 


2. Radiative Capture (n,y). 


Since inelastic scattering is known to occur in most instances with an 


appreciable probability, if it is assumed that this and radiative capture are 


5669 199 


the only possible process in a particular nucleus, the cross section for 
(ny) is 


re: 
2¢ Ptsdeleats, Di, 


oj =T7 R 
(n,v) 
a+ 


The gamma width, ly, does not appear to be a sensitive function of the 
neutron energy and has a value ranging from 0.1 to 1.0 ev for slow neutrons 
which is assumed to be roughly the same for neutron of medium energy; 10-500 


kev. Bethe (4) gives for the average capture cross section, the expression 


Bair te 1072? g71/2 


At very high energies, the radiative capture cross section becomes excedingly 
small and multiple neutron and charged particle emission become far more 


probable. 


3. Multiple neutron emission (n,2n), (n,3n), etc. 


More than one neutron is emitted provided the mucleus is left in a 


sufficiently excited state following emission of the first neutron, ise,e, if 


E, < E, - Ee 


E, = binding energy of second neutron to nucleus. 


Fn 


EB, = energy of first emitted neutron, 


energy of initial neutron. 


i 


Assuming the energy distribution of the emitted neutrons can be 
approximated by a Maxwell distribution for a temperature T, the cross section 


for emission of two neutrons is given by the expression 
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miclear radius, 


energy of incident neutron, 


= binding energy of neutron to mcleus, 


a7 pW 
tl 


= absolute temperature correlated to observed 


energy distribution, or T = 2( sa) ¥2 MeV. 


Wy 
i 


high neutron energies sticking probability, 


~ 1,0, 


‘At very high energies, En = &, >> T, the (n,2n) is dominant and (n,n) smaller, 
The process involving the emission of more than two neutrons becomes increas- 


' ingly more important at very high energies, i.e., En >> By. 


4, Charged particle emission (n,p), (n.d), (n,y), etc. 


Reactions leading to the emission of charged particles are probable 
only when the incident neutron energy is sufficiently high so that the avail- 
able energy is great enough to allow a charged particle to pass over the 
electrostatic potential barrier. Assuming the average cross section for high 


energies to be of the form 
os natg (¢ ~1-0) 


the charged particle width is the product of the emission width without the 
barrier, SP and the penetrability factor P=ef (gee: Alpha Decay). Be- 
cause of the large mimbers of levels excited by neutrons with energies high 
enough to result in charged particle emission, the energy distribution of the 
emitted particles is contimious and probably roughly Maxwellian, 

Ordinarily, the cross section for charged particle emission is small 
because of the strong competition from the more favorable (n,n) process or 


at very high energies, from ,2n), (n,3n), eto, 
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5. PFisgion 


See section on Fission. 


6. Other processes. 


At energies of the order of 100 mev and greater, neutron bombardment 
frequently leads to ie dikseien of great mmbers of particles and probably 
complete disintegration of nuclei. Such processes are still under investi- 

_ gation at the present time (184 inch synchro-cyclotron at the Radiation 


Laboratory of the University of California), 
E. Reflection of Slow Neutrons 


The scattering of slow neutrons into angles greater than 90° from the 
initial direction of the beam is usually given in terms of a reflection co- 


efficient defined as the ratio of the mumber of neutrons scattered back 


(> 90°) to the number scattered forward (< 90°), In the general case, the 


reflection coefficient for a scatterer is (4) 


R = s(1 -e=2yd) 
2a +8 = 27 = (2a + 8 =2y) e~2rd 


scattering coefficient 


a 
n 


absorption coefficient 


a 


d absorber thickness 


y= (a2 + as)1/2 


Two cases are of special interest in which this reduces to simpler forms: 
a. Thin scatterers; 
= 1/2 sa 
be Thick scatterers(10); 


R= bd 
2a+rs + 2y 
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Measurements of R for thick scatterers provides a direct means for 
determining the ratio of the scattering cross section to absorption cross 


section since s/a = 0,/%, . 
F, Diffraction of Neutrons 


The scattering of slow neutrons by crystals is, in many respects, 
similar to the behavior of x-rays. This follows immediately from the absence 
of electrical charge associated with the neutron and the interference phenomena 
to be expected since the de Broglie wave length of slow neutrons lies in the 
x-ray region i.e., is comparable to interatomic distances. However, there eit 
three important differences between neutron and x-ray diffraction: 1. the 
phase angle between scattered and incident wave may be either 0° or 180°; 

2. scattering does not vary regularly with atomic number; 3. absorption is 
very different from x-rays. 

Theoretical treatments of diffraction, reflection, and refraction of 
slow neutrons have been given by Fermi (11,12), Wick (13), Schwinger and 
Teller (14) and by Goldburger and Seitz (15). The principle conclusions are 
given below. 

Elastic scattering of slow neutrons, which can be regarded as spherically 
symetrical about a scattering micleus, is given by a wave function at large 
distances from the micleus which is the sum of a plane incident wave and a 
spherically symetric scattered wave 


_rikr 
evi , , 2 
r 


k =2/ = wave muber 
x = coordinate normal to incident wave 


r <= position vector from nucleus 


fe 
u 


scattering length 
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The scattered wave amplitude, a, has in oe of length and in the simplest 
ease of elastic scattering leads to a cross section of the form 9 = 4 /a/2. 
Because of ( ) above, a, is negative for 180° phase shift and positive for 
a zero degree shift (12). 

An expression for "a" was given by Goldberger and Seitz (15) oie the 


general case of absorption and scattering which has the form 


A= ot rf (2n + 1) (e24 (n) 2 1) Pu(cos ) 


R = wave number 
P, = Legendre polynomial of order n. 
(#)'= vy + i = complex phase shift (real for case of 
absorption) 
The absorption, scattering, and total cross section, assuming small 


phase changes, are then 


Ca ==, (20 +1) 4(n) (1-2 4(n)) 


-*. 2 2 
Fi. SS wadipminees 
ale a a eo | ) 
o, = 4 (2n + 1)( 2 ey 
t Re * r@ + - vg 42) 


In most cases, absorption is negligible and 
Cs = oy = 4 /2f* 


in which a can be determined from experiment, 
These expressions apply strictly only to free atoms of a single species 


with spin zero, In general, the application to crystals invoives the fol- 


lowing corrections. 
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1, Correction for reduced mass of micleus bound in a crystal: 


A= atomic weight 


ap = scattering length for free atom 


2. Corrections for isotope concentration: 


a=, Pia;y 


P= factional abundance of isotope, i 


scattering length of isotope, i 


3. Correction for spin, I, of nucleus when different from zero. 


Effective scattering length is: 


a ri 
+1 


ar + 1/2 


ay - 1/2 


Experimental values of the scattering length, a, given by Fermi (12) 


are presented in the table below. 
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ay - 1/72 +——— 
: / 2I+1 


ay + 1/2 


scattering length for neutron spin 
parallel to’ miclear spin 


scattering length for neutron spin 
oriented anti-parallel to nuclear spin 
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Table 9. SCATTERING LENGTHS FOR 


SLOW NEUTRONS (12) 


' 
} 
| 
| | 
| 
} 
| 
| | 
| : 
| 
° j 
\ 
j 
q 
; 
F 
; 
j : 
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G. Laue =- Bragg Reflection 


When slow neutrons are polarized normal to the plane of incidence, . 


reflection from crystals is analagous to that of X-rays and like X-rays, 


is determined by the Bragg condition (16): 
nA = 2d sin 9 


d = lattice plane spacing. 


angle of incidence. 


ih 


ca 
n = order of reflection. 
A = wave length. 

The intensity of the different orders for crystals consisting of 


several kinds of atoms is given by the form factor: 


2min§& 
F= | a, @ q 


= scattering length for atom i. 


“ 
~ 

ws 
| 


8. = perpendicular distance of atom i to 
plane of reflection. 
d = lattice plane spacing. 


n = order of reflection. 


The depth of penetration of a wave reflected from a crystal according 


to the Bragg condition is (15) 


1 4m N, sin @ ik(o,), 


(9, )s [ols 
* 2k Ly ee oe 


47 


k = wave number, 


N= number of cells per unit volume of crystal. 
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7 ~ ik* ry 
8 


(o,) "he scattering cross section for 4”? atom, 


(o,) i absorption cross section for he atom, 
K = reciprocal vector for reflection plane. 
ry = position vector for iy, atom, 
For non - absorbing, monatomic crystals this reduces to, (15), 


t = @seecaw ae CS ae 


sin © 4 1/2 
AN ) 
oO 


8 
H. Reflection and Refraction 


The index of refraction of a crystal for slow neutrons at angles 
and wave lengths which satisfy the Bragg condition is, (15), 


21 No (Sg)5 2 ( ous) 1/2 
TD = Lb cme + auenan = ere 
4m 47 


(,)5 
-_ N OS Gr ass on ax 
ee ) age 


N, = mumber of cells per unit volume of crystal. 


k= wave number, 


(o,), = absorption cross section for "eg 


(0,), = scattering cross section for 4°? atom. 


atom, 


The formlae also apply to disordered substances provided it is homogeneous 
over linersr dimensions of the order of a wave length. N, is then the 
mumber of molecules per unit volume and i is taken over the different kinds 


of atoms of the molecule. 


Speculer reflection of monochromatic neutrons by crystals eccurs at 


grazing incidence (11) for which the reflectivity is given by, (15), 


+ -(0m) : 


t (ay 


angle of incidence from plane of reflection. 


i 


pR=ale-n 


and the depth of penetration for grazing incidence is given by, (15), 


1. 


2. 


10. 


12. 
13, 
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Table 9a, THERMAL NEUTRON ACTIVATION CROSS SECTIONS 
The following table is a list of thermal neutron activation cross 
sections measured and reported by Seren, L., Friedlander, H. N., and 
Turkel, S. H., Phys. Rev. 72, 888 (1947), Activation cross sections were 
determined by measuring the absolute beta emission ( or positron and K- 


capture) from thin foils irradiated with thermal neutrons. Assuming one 


beta particle is emitted per neutron captured, the thermal neutron cross 
section,°, was calculated from u = nvON where u = number of neutrons 


captured per unit time, nv = thermal neutron flux, md N = number of atoms 


of detector.. 


isotopic natural atom prob. 
isotope cross section cross section error 
Z sym A |half life barns barns per cent 


2.2 x 107% 4, x 107" 20 
sss; fia’ so 0,0094 0.0094 20 
om «(8s} 148° * 0.63 0.63 20 
12 Me 26] 10.2 m 0.048 0.0054 : 20 
13 Al 27 2.4 m 0.21 0.21 20 
14 Si 30] 170. m 0.116 0.00485 20 
ma © 831 1143" '¢ 0.23 0.23 20 
a 84) Serif a 0.26 0,011 20 
ok 8S) er. 0.169 0.13 20 
Mm ost] iss Ss 0.56 0.137 20 
ae 64a| 12.4" % 1.0 0.067 2 | 
20 Ca 40 8.5 d <0.000125 <0, 00012 40 | 
| Ca 44] 180. a 0. 63 0.013 20 
Ca 481 30. om 0.55 0.00105 D | 
Ca 48] 150. om 9,025 0.00039 : 20 | 
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Z 


20 


21, 


22 


26 


24 
25 
26 


27 


28 


29 


50 


Sl 


52 


isotope 

sym A 
Ca 48 
Sc 465 
Ts, 50 
Ta 6G 
Bt 
cr. 50 
Cr 54 
Mn 55 
Fe 58 
Co 59 
Co 59 
Ni 64 
Cu-—s«éBS 
Cu -s-«65 
Zn 64 
zn «668 
gn 68 
Ga 69 
Ge = 71 
Ge 70 
Ge 70 
Ge 74 
Ge 76 
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half life 


89. 


12. 


5 


> 


isotopie 


barns 


0.025 
22.6 
0.141 
0. 059 
4,50 
11, 
~0,0061 
10.7 
0.56 
0,66 
21.7 
1.96 
2.82 
1.82 
0.51 
1.09 
0.51 
1, 40 
5.56 
0.0735 
~0, 45 


0.58 


0.085 


cross section 


212 


natural atom 
cross section 


barns 


0.00039 
22, 
0.0075 
0.0021 
4,50 
0.50 
~0,00014 
10.7 
0.0010 
0.66 
21.7 
0.0173 
2.0 
0.56 _ 
0, 26 
0.19 
0,054 
0.855 
1.30 
0.0155 
~0.095 


0.14 


0, 0055 


prob. 
error 
percent 
20 
20 
20 


20 


20 


20 


isotope 


Z sym. A 
33 As 75 
54 Se 74 
Se 78,80 
Se 78,80 
Se 82 
o6 ,.22 _ 79 
ao: 79 
Br . 81 
37 Rb 85 
Rb 87 
58 Sr 86 
SS So) 
39. Y 8g 
40.Zr 92 
a 84 «94 
ZrO 
41 Cb 95 
42 Mo 100 
Mo 98 
Mio §=—.:« 927 
44 Ru 102,104 
mt 
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half life 
26.8 h 
320s 5 
19. .m 
57. m 
50. m 
18 =m 
4.4 h 
54 h 
19.5 d 
17.5 m 
2e7. h 
55. d 
60. h 
63, d 
17.0. h 
6... m 
6.6 m 
19. m 
| See 
ber, & 
4. oh 
o7.> kh 


isotopic 
cross section 
barns 


4.2 


22. 


0.060 


213 


natural atom 
cross section 


barns 


4.2 
0.2 
0.25 
0.017 
0.0056 
4.1 
1.59 
1.11 
0.52 
0,053 
0.127 
0.00415 
1.24 
0.073 


0.009 


~0,016 


~1.0 


0, 044 


0.10 


<0.001 


0.122 


0.15 


pr ob. 
error 
percent 


20 


20 


isotope isotopie natural atom prob. 

Z sym. A |half life cross section cross section error 

barns barns percent 
44 Ru 2. a 4 0.37 20 
45 Rh 103 AAs” “2 137. 137. 10 
Rh 103 4,2 m 11.6.3 11.6 10 
46 Pa 108] 13. h ile 3.0 20 
"Pd = 110 ropes 0.39 0.0525 20 
47 Ag 107 2.3 m 44,3 23. 20 
Ag 109 a ng 97. 46.6 20 
Ag 109 | 225. a 2.3 1.1 20 
48 Cd 114 2.5 4 1.1 0.30 20 
Cd 114 43, d 0.14 0,040 2) 
Cd 116 3.75 h 1.4 0.10 20 
Ca. 7 aa 0.05 20 
aon 113 48, 4d 56. 2.52 10 
In 115 iis 51.8 49.5 10 
In 115 54, om 144.6 138, 10 
5O "Sn 1127] 106." ° a w1.1 ~0.012 40 
Sn 124 rial 0.574  "Os089 20 
oa e180) ae 0.0142 20 
Ber <ifh| Sor oh? - 0.072 20 
Be <185) 16° "a 0.009 20: 
Sn <1265| 400. 4 0.018 20 
gi ee 123 2.8 4 6.8  teog OL tiga 
Sb 123 6on" "a 2.5 lel 20 
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53 


55 


56 


57 


59 


62 


65 


64 
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isotope 
Z sym. 


Sm 


Sm 


151,152 


? 


cross section 


isotopic 


barns / barns 


0.78 0.15 
0.073 0.014 
0.133 0.0436 
0.0154 0.00504 
0. 222 | 0.0735 

<0. 008 <0.003 
6.25 6.25 
0.016 0,016 
25.6 25.6 
0.511 0.367 
8.4 8.4 
10.1 10,1 
1.10 
138. 35.8 
‘<0.008 
1380. 681. 
390. 
2.3 
~0.9 
. ~0,6 
<0, 25 
215 


natural atom 
cross section 


pr ob. 
error 
percent 


20 . 


20 


isotope 
4 sym. 


69 Tm 


71 Iu 


72. Rf 


73 «=Ta 
74 W 
| 75 Re 
76 Os 


7 ir 


18 -P% 
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169 


175,176 


176 


50. 


105. 


5.4 


70. 
20.7 


18. 


half life 


B 


barns 


5640, 


10,0 


20.6 
2.12 
54,2 
101. 
75.5 
2.50 
5.54 
260. 
1000. 


128. 


St ae 


isotopic 
cross section 


natural atom 
cross section 
barns 


106. 


15.9 
91.0 
5.5 
0,054 
20.6 
0.64 
10,2 
58.5 
46.5 
0.66 
2.19 
100, 
588, 
79.0 


0.50 


prob. 
error 
percent 


20 


20 


isotope 


Z sym A jhalf life 
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isotopic 


cross section 


barns 
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natural atom 
cross section 
barns 


0.725 


prob. 
error 
percent 


10. NEUTRON DIFFUSION 


A. Diffusion Equation 


The absence of charge associated with neutrons leads to a behavior in 
matter entirely different from that of snaaieba perticles. Energy is lost 
wholly by elastic collisions with the absorbing or scattering nuclei, Neutrons 

introduced into a block of matter, therefore, perform repeated collisions, 
altering their energies and directions until some equilibrium configuration in 
both space and energy is established. Ultimately, they are lost either by 
capture to form compound nuclei, decay into a proton and electron with a half} 
life of approximately twenty minutes,or by diffusion out of the region. If 
the diffusing medium is hydrogenous, i.e., consists mainly of protons, the 
conditions for diffusion are the most favorable. The elastic scattering cross 
section is large compared to the capture cross section, and the large energy 
and momentum transfer rapidly reduces neutrons to thermal energies. The dif= 
fusion of neutrons in such moderators resembles in most respects, the self= 
diffusion of cates, Substances containing heavy muclei, on the other hand, 
allow small or negligible energy and momentum transfer; the neutron scatters 


elastically as from a solid and relatively immovable object. The conditions 


Pe 


—— 


here are more like the diffusion of an electron gas. 


— —~ 


The equilibrium spacial and energy distribution of neutrons in a modera=- 
tor depends upon the geometries of the moderator, the neutron source (or 
sources), and absorbing or reflecting substance,and upon the capture cross . 
section curve of any absorbers present, and finally, on the mean temperature 
of the moderator. The distributions in many simple geometrical forms of 
moderators can be found from solutions of the neutron diffusion equation with 
appropriate boundry conditions. Satisfactory moderator substances include only 


the lightest elements, Of these, usually only graphite and hydrogenous materials 
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such as paraffin and water (including deuterium) are commonly used. Most of 
the other light elements are unsatisfactory because they possess resonance 
eapture cross sections which are considerably greater than their scattering 
cross sections. The diffusion equation is an expression of the law of con- | 
servation for neutrons. The time rate of change in the number of neutrons, 
m, per cc at a point (x,y,z) and at time, t, equals the thermal neutron 
flux plus the number of thermal neutrons produced per cc minus the number of 


thermal neutrons absorbed per ce, 


For steady state diffusion dn/dt = O and only thermal neutrons in equilibrium 


at temperature T are considered. The terms in the equations are thex 


D= 1/5Av, = diffusion coefficient. 
A = 1/iio = thermal neutron mean free path, 


= (skr)V2 
Vo = —————— = average velocity, assuming a Maxwellian 
Tm distribution, 


N= number of muclei per cc. 
o = capture cross section, 


q = source strength; number of neutrons produced per 
cc as a function of position. 


¥ = mean life of thermal neutrons before capture, 


Several additional quantities are useful for diffusion calculations, 
Neutron current, S, is the number of neutrons per unit time crossing a unit 


area normal to the gradient of the neutron density 


S = = Dvn 


Diffusion length, L, is the mean distance a neutron travels before capture; 
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It is defined by the expression P = exp (-X/L) where P is the probability a 
neutron will travel a distance X before capture. For thermal neutrons in 


light elements, L is of the order of several om. 


B. Point Source in Infinite Medium (1,2) 


The neutron density is spherically symetric and q=0 for r #0. The 


density at radial distance r, for a source of strength Q is 


= SQ or/ L 
a 


C. Plane Source in Infinite Medium (1,2) 


q = O except in the plane Z = 0 where the source strength is Q neutrons 


per unit time per unit area. 


D. Point Source in Long Colum (2) 


For an infinitely long rectangular colum of cross sectional width a 
and coaxial to the Z axis, with a point source of strength Q represented by 
Dirae's & function at (0,0,0), the neutron density at any point in the medium 


is 


a= ¢) Le comm comm 6 2/ dom 


E. Finite Source in Infinite Medium (2) 


For a source which is a function of the vector position 2 the neutron 


density at any vedor position Dis given by the volume integral over the source 
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At great distances compared to the largest dimension of the source, the 


density is equivalent to a point source, 


F, Point Source in Finite Sphere (2) 


For a point source of strength Q placed at the center of a sphere of 
radius R, the neutron density is spherically symetric and at any radius, r, 


is given by 


G. Semi-Infinite Medium with Plane B 2 


If a semi-infinite non-absorbing medium is bounded by a vacuum at the 


Y=Z plame and the neutron source is either a plane or an arbitrary form 


embedded in the medium at a great distance from the surface, the neutron a 


density in the medium is 


From the boundry conditions - ’ 


x 
nv = a(l “ee: 


j where L is the extrapolated distance from the boundry to where the straight 


line.representing the neutron density intercepts the x axis (nu = 0), L is 
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the extrapolated end point and is given approximately by 


2p 
v 


Ls r\ 


apes 


An exact solution leads to a walue of L = 0.7104 and to a depression in the 
neutron density with a distance from the boundry of the order of inside 
the medium. At the boundry, the fractional depression below the straight line 


variation in density is 


1 


ae 
un (OLT104 75" 
H. Absorbing Foil in Infinite Medium with Point Source (2) 


Assuming the absorbing foil to be a spherical shell of. radius ro and 


thickness t surrounding a point source in an infinite medium, the fractional | . 


depression in the neutron density at the foil 


SRogtLro 
£= “SNogtrol + LA+ 3roA 


Og = absorption cross section of foil. 
The flux of neutrons from the surface of the medium varies as 


cos @ + + cos® @ 


I. Production of Thermal Neutrons 


Neutrons are always produced with energies very mich greater than the 
thermal region, The purpose of a moderator is to slow down fast neutrons 


until they reach equilibrium energies of the order of RT. In the diffusion 
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equation the quantity q is defined as the number of thermal neutrons produced 


per cc per second without regard to how thermal neutrons were produced. Solu- 
tions of the equation can readily be found when the source of thermal neutrons 
assumes the simplest geometrical form. Actually, however, fast neutrons 
having a@ source producing Q neutrons per second must first be slowed down by 
elastic collisions until they enter the energy region correspending to thermal 
velocities, The source of thermal neutrons will, therefore, be represented 
by some intensity distribution in space about the true source of fast neutrons. 
For this purpose, q is defined explicitly as the number of neutrons reaching 
energy E per cc per second. 

The ratio of the neutron energy after collisions to the energy before 
collision is, on the average, a constant whose magnitude depends on the mass 


of the scattering moclei, 


ae 
nS 
E2 
§ =1- (er)? ig M42 
2M Me-1l 
~ 2 (for heavy nuclei) 
M+i1 


EB, = initial energy. 


) final energy. 


ae M = mass of micleus, 
The average total mumber of collisions required to reduce a neutron from energy 
Eg to E is then 


y= = tog (Fo) 
E 
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By this process, the quantity gq can be calculated from solutions of 
Fermi's age equation with appropriate boundry conditions. 
& 
va ee 
a7 = Ta d(1°n EB) cm? 


T= ue roa d(log B) (Ferm's “Age” ) 


J. Point Source of Fast Neutrons 


If a point source located in an extended medium, produces fast neutrons 


| 
| of homogeneous energy Ep, the mimber of neutrons slowed to thermal energy is 


represented by the Gauss distribution about the source: 


Qe 2/4 


’ x (4 3/2 


At a distance r=2r from the source, q has been reduced by 1/e. 
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11. RADIOACTIVITY 


Radioactivity refers only to those processes by which unstable nuclei 
decay to form known stable nuclear species by loss of their excitation 
energy. These processes are distinct from the primary processes of mclear 


interaction in which unstable, or excited, nuclei are formed, Radioactive 


decay proceeds with a fixed rate wholly independent of external influences 


whereas the primary process of formation depends upon the type and the energy 
of the bombarding radiation. In addition, the primary process of formation of 


“10 seconds or less 


an excited nucleus takes place in a time of the order of 10 

while the probable time for decay after formation is-enormously longer and 

varies over the range from 1077 seconds (RaD) to ~ 4.4 x 1017 seconds (Th). 
All known unstable nuclei decay only by emission of one or more of the 


following radiations: negatron, positron, neutrino, gamma-ray, alpha par= 


ticle, and neutron, In general, decay or de-excitation, proceeds by several 


discrete energy steps, or transitions, to lower nuclear quantum levels. In 


most cases this involves a charged particle and one or more gamma rays. In 


many instances, particularly in medium and heavy nuclei, decay may occur by 


one of several alternative processes involving different sets of quantum 
levels and, sometimes, different radiations. The probabilities for the al- 


ternative processes is given directly by the observed fractions of different 


_ radiations, when the decay scheme is known, 


A summary of the processes which are known to occur in radioactive 


decay is given below. More detailed discussions will be found in other 


sections describing the specific radiations. 


1. Negatron emission (beta decay) 


A beta particle and neutrino are emitted simultaneously and share, in 


varying proportion, the total fixed energy corresponding to a discrete level 
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_ transition, the observed beta kinstic energy werten from 0 to a well de~ 
fined maximum, correspo.ding to the total transition energy. The residual, 
or daughter, mucleus is greater in charge by one unit of e and the exact 
atomic weight is diminished by only the mass equivalent of the maximum 


kinetic energy of the beta particles. The statistics remain unchanged but 


the nuclear spin is reduced by an integral mltiple of h/2TT. 


2. Positron emission (beta decay) 


A positron and a neutrino are emitted simultaneously and share in any 
proportion, the total discrete energy of the level transition. The observed 
positron kinetic energy may take any value from zero up to the well defined 
total transition energy. The residual atom is smaller in charge by one unit 
of e and its exact atomic weight is diminished by an amount equal to the mass 
equivalent of the maximum kinetic energy plus twice the electron rest mass. 
The statistics remain unchanged but the spin is reduced by an integral mil- 


tiple of h/27 . 


oa & capture. 


An alternative process to positron decay, either K-capture or positron 
emission may occur for the same level transition (transformation, proton - 
neutron) when energetically possible. Unlike positron decay, however, a 
monoenergetic neutrino is emitted. Following K capture, K x-radiation is 
emitted. The residual ctom is smaller in charge by one unit of e and its 
exact atomic pedehk diminished by the mass equivalent of the kinetic energy 
carried off by the neutrino. The statistics of the nucleus remain the same 


but the spin is reduced by an integral multiple of h/2 tf i 


4, Isomeric transition (gamma emission). 


Gemma rays are always mono-energetic for any one nuclear level tran- 


sition but several gamma rays of different energy, hy, may be emitted in 
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cascade in the decay of a single atom. The charge of the residual nucleus 
remains unaltered, the spin is reduced by an integral multiple of h/2 tf and 


the exact atomic weight is reduced by the amount h?/e2, 


° 


5. Internal conversion. 

ADthough internal conversion is not part of the decay process, it is 
frequently observed to accompany gamma emission, particularly in heavy ele- 
ments. I.C. is the photoelectric absorption of a gamma ray by an orbital 
electron of the atom from whose nucleus the gamma rey is emitted. K electrons 
have the highest probability for emission, L electrons next, etc. The elec- 
tron is ejected with a kinetic energy equal to the gamma ray energy h® , 
minus the binding energy (ionization potential) of the electron in the re- 
sidual atom. This is accompanied by characteristic K, L, etc. X=-radiation, 
The probability for the process is given by the conversion coefficient, a, 
which is numerically equal to the ratio of the number of gamma rays of a 
particular energy to the number of photoelectrons ejected by this radiation, 
1i.¢., 


Q=Ne +N, =.../N + Ng + My + one 


where H_, Nx» eee are the observed numbers of gamma rays, and K, Ly, eee 


electrons. 


6. Alpha decay. 
With a single exception, (Li), alpha particle emission is always 


monoenergetic. Although only one alpha particle is emitted per disintegra- , 
tiom many energy groups may be observed corresponding to different, and more 
or less probable level transitions in the same species of nucleus. The 


residual atom is smaller in charge by two units of e and diminished in mass 
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at , 2 ok 


kinetic energies of the particle and recoil nucleus, plus the rest ma 


? of ‘two electrons, Neither the spin nor statistics is altered by alpha de 


DECAY SCHEMES FOR RADIOACTIVE ISOTOPES 


2 He 3 
100 p-.011 sll 


7N 14 


6c 14 sioisusicbiasiiie 
100 Bp-.145 i 
11Na 22 
100 B+. 5& >| y¥ 1.50 == 


10 Ne 22 
12 Mg 24 | 
11 Na 24 0 OP GD Os OF OD Ont OR EP OS OD OD OF OY OF OF On On ER ON oS eT en on om i 
-100 B=1,39 “3m y 2.76 >| 7 1.38 | (1) 
14, Sh 
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a7 Ci SE 
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19 K 48 
25 B= 
15.6h 
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21 Se 46 
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25 Mn 52 
98 B+ 
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2/98 x 


25 Mn 56 
20 B= 
2. 59h 
30, B+ 


50 B= 


» 26 Fe 5 
a 50 p- 
< 474 
i 50 B= 
: 
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20 Ca 42 


2,07->- y 1.51- 


0. 42->— 35 B4.58->e=- + 0.735 - y 0.94 
65 K 
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tentative 
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(7) 


(8) 
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27 Co 58- | 
60d 
85 K - 7 0.805- 
| 


26 Fe 58 


28 Ni 60 
100 B= 0.81->f- y &.10 = ¥ 1.30 =| 


50 Zn 64 


27 Co 6 


by 


K, B+ QO 659 Pee aa 
B -}- Pdi 


29 Cu 6 190 <b GRE OP OM RD LD Eo a UD a XE) 
12. 8h 


BO Fe SOK eattenrenieianncienn 


28 Ni 64 
50 Zn 63 
88. K,Pt 2,$6  ----=--- 
58, Sm 
8 K,B+ 1. 40-94 + 0.96 
4XK “a ¥ 1.9 
ee 29 Cu 63 
50 Zn 6 
53 K3 1.5 f+ Oo4 ~- 
2504 
46 K ~~ % J » Oe 14 
29 Cu 65 
52 Ge 72 
$1 Ga 72 lan ae eb a aS oD oO eD aS toy 0.84 = 
B- 0.77 <>e— y 2.4 9 0. 84 
14h 
Be 2.4 ei y 0.82 
7 : 54 Se 76 
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. : ‘ ; 


10 


He 


Li 


Be 


Ne 


6.0219 
7.01916 


8.00785 


10,01677 


9.01620 
12.0190 
10.0210 
11.01495 
14.00767 
13.00988 
16.011 
15.0078 
17,0075 
18,0065 
20,0087 
19.00781 


25.0015 


259 


20. 


“Isotopic 


spin 


| j reg ee a Atomic mass Isotopic 


016 = 16.00000 spin 
12 Na 21 .= 21,0085 G  <1/2 
22 21.9999 50, ) 
24 23.99745 45. Si 1 
23.99893 S2 
25 24,9967 C 3/2 
12 Mg 23. 23.0002 40, -1/2 
27 26.9921 150. 3/2 
13 Al 25 24,9981 100. -1/2 
26 25.9929 150. fe) 
28 27.9903 70. 1 
29 28.9893 80. 3/2 
14 Si 27 26.9949 90. -1/2 
: 31 30,9862 60. 3/2. 
15 P 29 28.9919 Of «1/2 
30 29.9873 50. fe) 
$2.0 31,9827 290040) 1 
16 S 31 30.9892 Ci «+4372 
: 35 34.9788 100. 3/2 
36 35.978 100. 2 
17 S\i6l 33. 32,9872 c 8-1/2 
34 33.9801 fe) 
36 35.9788 100, i 
38 37.981 300. 2 
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“oy rae Atomic mass Isotopic 


016 = 16.00000 spin 
18 A 35 34,9850 oY ae 
37 36.9777 c 1/2 
39 38.9755 Cc 3/2 
4) 40.9770 60. 5/2 
19 K 38 37.9790 Cc fe) 
40 39.9760 1 
20 Ca 39 38.9811 c -1/2 
22 Ti 45 44,9711 | c 


51 50.9612 100. 


24 Cr 51 5029615 100. 


Values taken from compilations and calculations by R. D. Evans (private 
communication) and W. H. Barkas, Phys. Rev. 55, 691 (1939), C indicates 
calculated mass, Sl, Sachs, R. G., Phys. Rev. 70, 572 (1946); $2, Siegbahn, 


K., Phys. Rev. 70, 127 (1946). 
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Table 11. RADIOACTIVE ISOTOPES 


The table of radioisotopes presented here includes nearly all the 
isotopes reported in the literature up until September 1947. Seaborg's 
"Table of Isotopes" (Seaborg, G. T., Rev. Mod. Phys. 16, 1 /19447) was 
used as the basis for this table since it contains a complete compilation of 
data up to June 1, 1944, To this has been added more recent values for pre= 
viously known isotopes and many new activities reported since 1944, The 
largest single contribution to new activities, as well as revised data for 
sea ilisde Melitta isotopes, was made through the exhaustive study of fis- 
sion products by the Atomic Energy Commission (Manhattan District, Corps 
of Engineers) and reported by the Plutonium Project, (J. Am. Chem. Soc. 68, 
2410 /19467). Data quoted from this source is indicated by the reference 
number P47 but no specific references are given. The reader is referred to 
the original report for a complete list of references. 

The table presented here cannot be regarded as complete since many 
new activities, particularly for high energy reactions, have not yet been 
released for publication. The present list, however, comprises a total 
number of approximately 700 radioactive species. 

The nomenclature used here is essentially the same as that employed 
by Seaborg. Definitions of the terms in the order of the column in which 


they appear are given below. 


Column 1: atomic number, Z. 
Column 2: element; * indicates natural activity. 
Column 3: atomic weight, A. 

3 Column 4: class; 


A. Zand Acertain . 
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B. Z certain, A probable 
C. Z certain, one of a few possible isotopes 
D. Z probable 
F. insufficient evidence 
G. probably in error 
Column 5: type of radiation; 


a@ = alpha particle 


p = negatrons 


y 
rT 


positrons 


internal conversion electrons 


= gamma rays 
K = K capture 
IT = isomeric transition 

Colum 6: half-life; seconds, s, minutes, m, hours, h, years, y. 

Colum 7: energies of particles. All values given for beta particles 
refer to the maximum energy. When values are preceded by e~ 
or a, they refer to conversion electrons and alpha particles 
respectively. When more than one particle is emitted per dis- 
integration, each value is separated by a comma; the energies 


reported by one reference are separated from another set by a 


semi-colon, 

spect = magnetic spectrograph or similar arrangement. 
Cl Ch = cloud chamber 

Abs = absorption (in Al, Pb, etc.) 

Coincid =p-y¥ cules counters 


Coincid abs = B = + coincidence with absorbers 
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| 
| 


Column 8: 


Column 9; 
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gamma ray energies. Values separated by semi-colons indicate 

two independent measurements reported. 

abs = absorption (in Al, Pb, etc.) 

Cl Ch recoil = secondary electrons observed in cloud chamber 
in magnetic field, 

Cl Ch pair = pair formation observed in cloud chamber in mag- 
netic field. | 

spect = secondary electrons measured by magnetic spectrograph. 

spect conv = conversion electrons measured in magnetic spectro=- 
graph, 

abs of e~ = absorption of conversion electrons. 

coincid = y - y coincidence, 

coincid abs = secondary electrons measured with absorbers and 
in coincidence, 


maclear reaction. Bombarded element is given first, followed by 


incident and outgoing particles in parentheses and separated by 


comma, The symbols fiss, Th-n, U-n, and Pa-n indicate formation 
by fission. Some inconsistency in notation is found here since 
fiss refers to any isotope resulting from fission, whether it is 
a direct fission fragment or one of the chain activities, whereas 
Then, Uen, and Paen, indicate only primary fission fragments but 


are sometimes substituted by "fiss". 
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Table 13. "NEPTUNIUM" SERIES 
Recent evidence has been presented for the existance of a fourth natural 
radioactive series of the form (4n + 1). Its probable members and arrange~ 
ment is given below as reported (1,2). The name "Neptunium Series" after the 
ldngees lived member was proposed in accordance with the practice for naming 


the other three series (1,2). 


Atomic wv Alpha-energy | Beta-ener 


Plutonium Pu (94 «= 2.41 

Americium Am 95 241 500 y 

Neptuniua Np 95 257 | 2,25 x 10%y 

Protoactinium Pa 91 233 27.44 0.4 

Uranium B92 283 | 1.63 x 10° 4.825 + .008 

Thorium Th 90 229 6 x 10°y a 

Radivn Ra 88 225 14 4 <0, 05 

Actinium Ao 89 225 | 10 4 5.801 + .010 

Francium Fa 87 221 5 m 6.51 + .02 

Astatine At 86 217 | 21x10 °s 7.023 + .010 

Bismuth Bi 83213 46 m 5.86 + .03 ~ 1,3 

a Po 84 215 | 3.2 x 107s 8.336 + .005 
Thallium) Tl 81 209 


Lead Pb 82 £209 5.5 h 0.7@ 


Biamth BL 83 209 stable 


1. Hageman, F.,Katzin,L. I., Studier, M. H., Ghiorso, A., and Seaborg, G. Te, 
Phys. Rev., 72, 253 (1947). 
2. English, A. C., Cranshaw, T. E., Demers, P., Harvey, J. A., Hinkd, BE. P., 


Jelley, Je Ve, and May, A. Bey Phys. Rev., 72, 253 (1947). 
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12. RADIOACTIVE DECAY 


A, Law of Radioactive Decay 


Radioactive decay is a statistical process following well established 
rules, <A single radioactive nucleus, i.e., excited muicleus, possesses a fix- 
ed probability of disintegration per unit time which is characteristic of the 
particular isotope and its state of excitation. Aside from these two factors, 
the probability of decay and, hence, the rate of decay of a macroscopic quan- 
tity of the radioisotope is wholly independent of external influences such 
as temperature, pressure, chemical reagents, and the means by which it is 
produced, Since each disintegration is a statistically independent event, 
the average number of muclei which disintegrate per unit time is proportion- 
al to the number of nuclei of the particular species and state of excitation 


present at any instant: 


N= number of nuclei present at time 
A= disintegration constant; factor of 
‘ proportionality characteristic of 
the isotope and its state of exci- 
tation. 
The quantity, N, is frequently given any convenient dimension and may 


be referred to as the number of nuclei, activity, mass, or some wholly arbi- 


trary unit. 
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B. Fluctuations 


The actual number of disintegrations observed per unit time fluctuates 
about a mean value, N, as a consequence of the random character of the dis- 
integration process, The probability of observing M events per unit time 


when the average value is N, is given by Poisson probability distribution 


formula: 

f 

q M 

| te N -N 
4M - M™! e 


When the average value, N, is large and the difference N-M is small, the pro- 


bability distribution is given approximately by Gauss formula: 


(m-N)? 
ae 


P= 


e 
ie Jet N 
An estimate of the statistical error in the measurement of an activity 


N is expressed in terms of the absolute probable error given by: 


r= 0.6745 JN 


or in terms of the percent probable error by: 


r% = 67-45 /N- 


C. Simple Decay 


The decay of a given quantity of radioisotope follows a simple exponen- 


tial law provided it is not at the same time being produced by some agency. 
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If No is the initial number of atoms of the isotope, the number of atoms 


remaining after a time, t, is: 
K=3,0°. ° 
A = decay constant (t71) 
However, the deca, of an isotope is usually expressed in terms of half-life, 


fT, which is the time required for the number of radioactive atoms to be 


reduced by one half. The number of atoms present at time, t, is then: 


N = Ny 070-693 4 


Also frequently used is the mean life, f= 1/0.693 = 1/q_ which is 
the time required for an initial quantity of radioisotope to be reduced by 
1/e. The ackivity of any substance as a function of the number of half= 


lives is plotted in figure 83. 


’ Mee D. Growth of Radioactivity 


When a radioisitope is produced at a constant rate, e.g., in a cyclo- 
tron or from uranium, the number of atoms of the product radioisotope after 


a time, t, is: 


N= N,(1 - en0. 693 ) 


N, = saturation activity; i.e., activity at which rate of 
production of the isotope equals rate of its decay. 


= rate of formation divided by A. 


5669 368 


E, Radioactive Substance Produced by Parent of Long Half-life 


When a radioactive daughter substance is produced,for which the half- 
life, T, is short compared to the radioactive parent, i.e., T, >> Toy the 


initial quantity of the daughter substance after time, t, is: 


t 
7 -0.693 = 7 


where No is the initial quantity of the parent. After many half-lives of the 
daughter, the parent and daughter are in secular equilibrium and the decay of 
the latter is governed now by the decay of the parent. The quantity of the 


daughter is then proportional to the ratio of their half-lives: 


Ta 
Na ee 


This mode of radioactive decay is shown in figure 85. The 
area under both curves must be equal since the same number of atoms are invol- 


ved in the complete decay of parent and daughter. 


F, Parent and Daughter Substances of Comparable Half-life 


When half-lives of parent and daughter are of the same order of magni- 
tudes and only the parent is present initially, the activity of the daughter 


substance at any later time is given by: 


| } 
-0.693 ( - T _ * 
N. = poe OSS N. € (< c 

Pic th 
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The activity of the daughter increases to a maximm and then decays after a 
sufficiently long time at a rate corresponding to the longer of the two haltf- 


lives, The ratio of daughter to parent substance in transient eq ilibrium 


is: 


G. Decay of nth Component in a Radioactive Chain 


If a given initial quantity, No, of radioisotope decays in a series of 
radioactive daughter substances, the quantity of the nth successive daughter 


substance after a time, t, is given by (1): 


-0.693% ~ 0.693 -0693 = 
N = Nja,e oe. ee +) 1 er 
ae 
21 (TA Ta = Te) 6 oe (T= Tr) 
Te | 
%2 = (= T)(Ta- Ta) °° (Te —h) 
5 ae 


we x (Te Te Tn — To ) ooo (Ty —Tn-1) 


Pasta eeely = half-lives of parent and succes- 
sive daughter substances 


1. Bateman, Proc. Camb. Phil. Soc. 15, 423 (1910) 
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15. FISSION 


A, Mechanism of Fission 

The discovery by Hahn and Stassmam (1) that elements of medium atomic 
weight were formed from uranium bombarded with neutrons came as the culmina- 
tion of an unexplained phenomenon encountered in the investigations of Ferni, 
Meitmer, Hahn, Strassmanmn, Curie, and Savitch. Meitner and Frisch (2) nam- 
ed the process "Pisdon" in analoszy to the rupture of a sphere of incompres-~ 
sible fluid as a result of deformation, The analogy of the "liquid drop" 
had already been applied in principle to heavy nuclei by Bohr and Kalckar 
(3) and the general theory of liquid sphere dynamics had been developed in 
detail for its application to stellar dynamics, Following the discovery of 
fission, Bohr and Wheeler (4) extended the liquid drop analosy into a theory 
of fission with marked success in its agreement with the observations of the 
seis of fission processes. 

In heavy nuclei, the aggregate of elementary particles form the equiva- 
lent to a spherical drop of incompressible liquid with a volume proportional 
to the number of particles, V = arr, A, and an effective surface tension, 
7, arising from the short range attractive fields between the particles, (n, 
n), (p,p) and (n,n). The surface tension is compensated, in part, by the re- 
-pulsive dlectrostatic field of the uniform distribution of proton charge eZ 
throughout the nucleus, Under the influence of an external force, the me- 
leus may be excited into one of many noe ay modes of vibration producing 
deformations in the spherical form similar to the corresponding vibrations 
of a liquid sphere. The stability of the drop to these small deformations 
depends upon the relative strengths of the surface tension and the counter- 
acting electrostatic field. As the total nunber of particles in stable nuc~ 


lei increases, a limiting size is attained for which the compensation of the 
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neutron emission, and fission. 


soherare nuclear force by the electrostatic field is complete and the drop is 
then unstable to spontaneous fission. Nuclei only slightly smaller than the- 
limiting size, although exceedingly stable against spontaneous fission, will 
divide when sufficiently excited, A small deformation accompanying excitation 
allows a redistribution of charge to the surface regions of smaller curvature, 
thus giving the repulsive field an advantage over the surface tension, A 
sufficiently large deformation, therefore, leads to complete division and 

the separated charged fragments recoil, because of their similar charges, with 
an energy of the order of 200 mev. The high excitation energy of the’ frag- 
ments following fission is subsequently lost by the emission of prompt (in- 
stantaneous) neutrons and gamma rays and through radioactive chains leading 


finally to kmnovm stable nuclei. 


Be Fission Probability 


1. Qualitative features. 
The probability of fission depends, first, on the probability of neu- 
tron capture to form an excited compound mucleus and, second, on the rela- 


tive probabilities for de-excitation of the compound nucleus by radiation, 


Both the neutron binding energy and critical energy for fission in heavy 
nuclei lie in the energy range 5=7 mev. When the neutron binding energy plus 


its kinetic energy is less than the critical energy, radiation and neutron 


emission are more probable than fission, Conversely, the radiation proba~ 
bility is negligible comparedto fission and neutron emission for excitation 2 


energies greater than the critical energy for fission, Thus, thermal neu- 


trons induce fission in the nuclei 0255 and Pu259 with greater probability 
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than radiation since the neutron binding energies of 5,4 and 6.4 mev are 
greater than the respective critical energies of 5.2 and 5 mev. On the other 
hand, the pnobabidaty of fission in U238 and Th252 becomes important only 

for fast neutrons since the critical energies are of the order of 1 mev 
greater than the neutron binding energy. In general, the fission barrier 
height in the heaviest nuclei with odd atomic weight is lower than the neu- 
tron binding energy, thus allowing fission to be induced by thermal neutrons. 
2e Cross sections. , 

The absolute valuesof the probabilities for radiative capture, neutron 
emission and fission in terms of their cross sections can be estimated by 
applying the dispension theory (4,5,6) and using the widths for these pro- 
cesses calculated by Bohr and Wheeler (1) summarized below, 

a. Neutron emission width for process which leaves the nucleus in the ground 
state (Identical to width for neutron capture and excitation to the same lev- 


els): 


igi = )(Mm), Seal = (25 + (22+!) es 


: 4 = spin of initial nucleus, 
J = spin of compound nucleus, 
s = neutron spin (1/2), 
d = average spacing of levels with a given, 
angular momentun. 


BY he « 
R= melear radius = 1,48 x 10745 42/3 = 


be. Fission width: 


_ Nd 
‘= 3s 
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N = number of energy levels available for a given 
excitation energy ( in the order of ten ). 
ee Neutron emission width for a process leaving the residual nucleus in 


any excited state. 


r a em rt a eg 
SS womans Pct MEDI ns MS E one ex EB 
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E = excitation energy. 
= neutron binding pei” 
E j= onergy of available state, i, in residual 
macleus for a given excitation energy. 

The neutron width equals iS for energies less than the order of 100 kev 
but at energies greater than this bs > [Tre The radiation width is 
essentially constant for states of excitation due to neutron capture, i.e,, 
> 5 mev, and is of the order of magnitude of 1 mev. 


d. Total width. 


Feht+h +h 
3. Resonaios, 
When the spacing between levels, d, is greater than the level widths, 
only a singe level may be important. For an incident neutron energy E 
near & resonance energy E,, the cross section for radiation and fission 


are given by the one-level formula (5): 


— 23 +1 let 2 
oF Ve hf sia ') ee Tee 
(28+1 )( 2i+1) (B-8, J? +(P/2 ) 
23 +1 4 


te ed) (E-5, Fela y 


#1 


op 
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At excitation energies of 5-7 mev, corresponding to the binding energy of a 
neutron in a massive nucleus, the level spacing has already diminished to ap- 
proximately 20 ev. The one-level resonance formulae, therefore, are valid 
“only for slow or thermal naotaelia since the excitation contributed by the com- 
bined kinetic and binding energies of fast neutrons lies in a higher region 
of closely spaced levels and, hence, more than one level will be affected. 

In general, resonance capture of slow or thermal neubrons by nuclei of even — 
atomic weight leads to Saeenchtaston by radiation and neutron emission,and in 
nuclei of odd atomic weight the same process leads to fission and neutron 

- emission. | 


4, Non-resonance process 


For excitation energies in the range for which the level spacing is of 
the order of, or less than, the total width, the one level formla is not 
valid since many levels then contribute to a mclear process, As shovm by 


Bohr, Peierls and Placzek, the cross sections are then given by: 


- A 2 ral’ (slow neytrons ) 


Pe 
ow x ly se Sa 


49 
i 


2 PS ete 
ae Reade gts Be 


1s 
may < rot (fast neutrons ) 


a 
2/37; 
o =arrA - 


fhe fission cross section is small compared to radiative capture and 
neutron emission across sections in the energy range where the total excita 


tion energy contributed by an incident neutron is less than the fission 
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barrier. When the fission barrier is exceeded, inte fission cross section in- 
creases rapidly and the radiative capture cross section remains constant but 
becomes negligible by comparison. The neutron emission probability, on the 
other hand, remains an important competitive process for all excitation ener- 
gies greater than the neutron binding energy. 

At least for U255, the fission cross section in the slow neutron range 


varies as iy, with a value of roughly 500 barns in the kT region (0,029 ev) 


C. Stability of Heavy Nuclei 
The stability of heavy nuclei against fission depends upon the relative 
magnitudes of the short range nuclear ae (n,n), (p,0) and (n,p) responsi- 
ble for an effective surface tension and the repulsive electrostatic field of 
the protons. Since the volume of the nucleus is proportional to the mimber 
of neutrons it contains (7), the energy associated with the short range forces 
maintaining a stable spherical nucleus is proportional to the muclear sur-= 
face: amr’ ~ 2/5, Counteracting this, the uniform distribution of charge 


1/3 


2 
eZ gives rise to an electrostatic energy proportional toZ A which there- 


fore, increases more rapidly with nuclear size than the nuclear forces. A 


1/3/ 2/3 
critical value of the ratio of the two fields expressed by Z* al 42/5) = 


2*/a, is attained for increasing nuclear size when the electrostatic field 
exceeds the nuclear binding forces and the micleus is no longer stable against 
spontaneous fission. A semi-empirical calculation by Bohr and Wheeler (4) 
lead to a critical value of 2°74 = 47,8. 

Nuclei with 27 /a only slightly smaller (*15%5) than the critical value 
exhibit a marked stability against spontaneous fission when unexcited but di- 
vision becomes highly probable ve divi deformations in the spherical form 
induced by external excitation. Classically, the minimum, or critica], exci- 


tation energy required to induce fission is equivalent to the height of the 
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potential, or fission, barrier formed i the difference of the attractive 
nuclear field and repulsive electrostatic field. Alternatively, it is the 
energy necessary to induce a deformation of a liquid drop for which the cohes- 
ive forces become less than the repulsive forces within the drop. Effectively, 
the height of the barrier decreases with increasing value of 2” / and when 
2° /4 = 47,8, the fission barrier vanishes entirely. 

For miclei with 2” /h near the limiting value, the critical excitation en- 
ergy for fission can be obtained from the expression derived by Bohr and 


Yheeler (2). 


35 34,425 
Z*/A 
¢ = o aon Z?*/47.8 A 
(z /A) im. 
41 oe = 14 mev 


~135 


r= 1.47 x 10° (4,8) 


Spontaneous fission is possible but relatively improbable in unexcited 
nuclei and in nuclei with less than the critical excitation energy. The rate 
of fission is ‘then given by the probability of penetration of the fragments 
through the potential barrier, which decreases rapidly with increasing bar- 
rier height and width. The half-life of heavy nuclei for fission from the 


1 


ground appears to be of the order of 10 i 1087" years, 


D. Energy Relations 


1. Neutron binding energy. 


An estimation of the neutron binding energy in heavy nuclei is import- 
ant for a determination of the neutron kinetic energy necessary to induce 


fission. For nuclei greater than A = 250, the neutron binding energy has a 
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value between 5 and 7 mev. On capture of a neutron, this energy plus the 
neutron kinetic energy is contributed to excitation of the compound nucleus. 


From the relation Mc” 


= E, the binding energy, E,, can be calculated from 
the mass difference of the initial and compound molei: 


EB, = 931 (M,+M, +n ) 


A+], 
The masses M are calculated from the semi-empirical relation (9) ( see: 
Binding Energy ): 
M, = 1.00895 (A - Z) + 1.008322 Z = 0.00504 A 


+ 0.014 a2/> + 0.000627 22 a7 ¥/8 


; A on" O, A odd 
+ 0.083 (Z - — A~ + iy 0.036 w/a fa even, Z — 


- A even,Z even 
The physical signifigence of the seven terms in their respective order is 
1. Total free mass of neutrons. 
2.. Total free mass of proton plus Zeleotrons (i.e. Z hydrogen atoms) 
3. Correction for mass defect per particle based on empirical mass 
curve. 
4, Correction for smaller binding energy particles at surface 
compared to inner particles, | 
5. Correetion for partial ela of binding between protons 
due to uniformly distributed charge eZ. 
6. Correction in the lst order of approximation for the excess of 
neutrons over the mumber of protons. 
7. Empirical correction for odd and even compositions of protons 


and neutrons, 
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2. Fission energy 
The energy released in fission can be estimated from either the 


electrostatic repulsion of the two product nuclei or from the difference in 
mass between the compound micleus md the fission products, 

The first method provides only a rough approximation. Assuming the 
fission particles to spheres with charges Z, and Zp and initially in 


contact, the repulsive energy, from electrostatic theory is 


E = clectarartarmi rete = se oo aw em ae aS at SS ab aon ergs. 
4.07 2 0 (a 8 as ) 


The fission energy calculated by this is approximately 200 mev. 

The secom method provides a more accurate estimate of the fission 
energy. The total energy released, including the excitation energy of the 
fission products as well as their kinetic energy , is given the energy 
equivelent of the difference in mass between the initial, eaenasas nucleus, 


M, and the unexcited fission products at rest, M. $ 


, = 951 (+n - 2M, ) + BL +E, 


i 
where all Mts are in units of mass ( 0 16/16 = 1.00000 ), The separate 


- masses can be calculated with the aid of the forma given in the preceding 


section. The summation is taken over the rest masses of all prompt and 
delayed neutrons as well as the two heavy particles. E} is the initial 


neutron kinetic energy ahd EB, 


Sd 


5. Distribution of fission energy 
The greater portion of the total energy release associated with fission, 


: is the energy carried off by all neutrons (K.E, 


and the only energy released directly by the process, appears as kinetic 


energy of the fragments. Measurements of the total recoil energy (10) gives 
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a value of approximately 160 mev which is shared by the two fragments inver-= 
sely as their respective masses, i.e, E/5, = Mt /’i, « In addition to the kin- 
etic energy, the fragments carry off an excitation energy of approximately 40 
mev. This is subsequently lost by neutron emission (prompt and delayed) 10 
mev; prompt gamma rudiation, 15 mev; and radioactive chains leading to stable 
nuclei by beta, neutrino, gamma and delayed neutron emission, 20 mev. The 
energy loss through each of the processes in the radioactive chain corres- 
‘pond to discrete level transitions; in many cases, identical with previously 
established activities, The energy contributed to prompt neutron and gamma 
emission exhibits a continuous distribution which is observed to be superim- 
posed on that of the fission fragment which seems to indicate that such par- 
bivtes are emitted from the fragments following the main fission process, 

The fact that the energy distribution is continuous arises from the great den- 
sity of closely spaced energylevels at high excitation energies which present 
an essentially continuous set of possible transitions of the nucleus to lower 
states by neutron and gamma emission. Occasionally, alpha particles are em=- 


itted with an observed maximum energy of 16 mev (11). 
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E. Fission Products 


l. Fission fragments : 


The distribution of the atomic masses of fission fragments exhibits a 
marked asymmetry about a value of one-half the atomic mass of the fission 
| nucleus. Frasments of nearly equal mass occur with relatively little proba- 
| bility and for U255 the most probable magaes are those near 95 and 140, The 


k 
total range of U255 fragments includes masses from 70 to 160 as shown in fig- 
ure (87) and table 14, No wholly adequate theory has been provided thus far 


to account for the form of the asymetric yield distribution, 
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2. Prompt neutrons and gamma rays 


Part of the high excitation energy of the fission fragments is lost by 
neutron and gamma emission immediately following fission. Referred to as 
prompt neutrons and gamma rays, they are observed to occur simultaneously 
with fission but probably are not associated with the primary fission Shosabel 


On the average, between and three prompt neutrons accompany each fission event. 


S. Radioactive chains 

The remaining excitation energy of the fission fragments after prompt 
neutron and gamma emission is subsequently lost by delayed neutron, beta, 
neutrino, and gamma emission, The initial fragments formed contain an ex= 
cess of neutrons compared to existing stable isotopes. By successive beta 
decay and occasional delayed neutron emission, the fragments are snabled by 
these radioactive chains to terminate ir kmown stable and unexcited isotopic 
species. 


Example: (12) 


—- 3m 
52 §3 
Te —2m I —6-Th cs -2.5x 104 —> Ba (stable) 
i35 138 135 
Xe -42h 


135 


On the average each fragment undergoes three beta transformations ac= 
companied by characteristic isomeric transitions, WNany of the resulting acti- 
vities observed correspond to earlier kmown activities produced by other pro- 
cesses, The bietier of delayed neutrons observed to occur in the chain acti-~ 
vities is very small compared to the number of prompt neutrons; approximately 
1.0 percent. 

The half-times for delayed neutrons varies from app oxinately 0.5 sec, to 
0.5 min, and gamma rays are observed with the same period indicating an al- 


ternative mode of deecxcitation by isomeric transition for this step in the 
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process. 


4 Alpha particles. 


Alpha particles have been found to be emitted by both U235 and Pu239 with- 
a. 3.2. Ye sec, after the primary fission process (11), The maximm observed 
energy is 16 mev and the frequency of occurence appears to be 1 alpha parti- 


cle per 250 fissions in U255 and one per 500 fissions in Pu2s9. 
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Frobable 
Fission 
Fragment 


30 Zn 72 
30 En 73 


32 Ge 75 


32 Ge 77 
33 As 78 
32 Ge 78 
34 Se 79 


33 As 81 


35 Br. 82 
34 Se 83 
34 Se 84 
35 Br 85 


37 Rb 8&6 
35 Br 8&7 


35 Br 8&7 
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14. TABLE OF FISSION YIELDS 


Stable 
Product 


31 Ga 7} 
32 Ge 72 
32 Ge 73 
32 Ge 74 
33 As 75 
32 Ge 76 
34 Se 77 
34 Se 78 
2 

35 pr 79 


34 Se 80 


35 Br 81 
34 Se & 
36 Kr 8&2 
36 Kr 83 
36 Kr 8&4 
37 Rb 85 
36 Kr 86 
38 Sr 86 
36 Kr 87 
38 Sr 8&7 


68 2411-2442 (1946) 


Fission 
Yield % 


1.5x107? 
1.0x10 


0.0091 


0.125 
2.8x107> 
0.65 


2x107? 
0.026 


Probable 
Fission 
Fragment 


36 
36 
36 


+ SF 
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37 
36 
36 
39 
36 


42 


42 
44 
43 


Kr 89 
Kr 90 
Kr 91 
Rb 92 
Rb. 
Kr 93 
Kr 94 
% 95 
Re 97 


lio 99 


io LOL 


Ru 103 


lio 105 
Ru 106 


Te 107 


Stable 
Froduct 


38 Sr & 
ee 
40 Zr 90 
40 Zr 91 
40 Zr 92 
- be 

41 Ca 93 
40 Zr 94 
42 Mo 95 
40 Zr 96 
42 lio 97 
42 lo 98 
44 Ru 99 


42 lilo 100 
44 Ru 101 
44 Ru 102 


Reprinted from the Plutonium Project Table, J. A. C. S. 


Fission 
Yield @ 


9.5 
Joa 


6.2 


45 Rh 103] 3.7 


44 Ru 104 


46 Pd 105]0.9 


46 Pd 106]0.5 


47 Ag 107 
46 Pd 108 


fie ie Lee pore TO dee 


Probable 
Fission 
Fragment 


Stable 
Product 


Fission 
Yield % 


Frobable 
Fission 
Fragment 


Stable 
Product 


aafam af | zm al zo 


45 Rh 109 
46 Pd 111 
46 Pd 112 
48 Cd 115 


48 Cd 117 
48 Cd .. 


.50 Sn 121 


50 Sn 121 
123 


50 Sn 123 
50 Sn 125 
50 Sn 125 


50 Sn 126 
51 Sb 127 
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47 Ag 109 
46 Pd 110 
48 Cd 111 
48 Cd 112 
48 Cd 113 
48 Cd 114 
49 In 115 
48 Cd 116 
50 Sn 117 
48 Cd .. 

50 Sn 118 
50 Sn 119 
50 Sn 120 
51 Sb 1l2l 
51 Sb 121 


50 Sn 122 
51 Sb 123 
50 Sn 124 
52 Te 125 


52 Te 128 


0.028 


0.018 


0.011 


0.0008 


0.014 


0.0012 


0.0044 


0.023 


51 Sb 129 


52 Te 131 
51 Sb 132 
51 Sb 133 
51 Sb 134 
52 Te 135 
53> I «336 
53 Ds Aa 
ee ae 2 
54 Xe 138 
54 Xe 139 


60 Nid 149 


60 Nd 151 


52 Te 130 
54 Xe 131 
54 ne 132 
55 Cs 133 
54 Xe 134 
56 Ba 135 
56 Ba 136 
54 Xe 136 
56 Ba 137 
56 Ba 138 
57 La 139 
58 Ce 140 
59 Fr 141 
58 Ce 142 
60 Nd 143 
60 Nd 144 
60 Wd 145 
60 Nd 146 
62 Sm 147 
60 Nd 148 
62 Sm 149 
60 Nd 150 
63 Eu 151 


A 
54 Xe 129 


Fission 
Yield % 


2.8 
3.6 
Aed 
5.7 
59 
0.01 


6.3 


6.1 
5.7 


D4 
53 


2.6 


1.4 
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Probable 
Fission 
Fragment 


Fission 
Yield % 


62 Sm 152 


61 153 |. 63 Bu 153 740;35 
62 Sm 154 

62 Sm 155 | 64 Gd 155 | 0.03 

61 156 | 64 Gd 156 | 0.013 

63 Eu 157 | 64 Gd 157 | 0.0074 


63 Eu 158 | 64 Gd 158 


14. ELECTROSTATIC GENERATOR 


, The most successful form of electrostatic generator for the accele- 
ration of heavy charged particles is that first proposed by Van de Graaf (1). 
High potentials are produced by the accumulation of charge on the surface of 
large closed-surface conductors, usually spheres, called terminals. An 
endless belt of insulating material running from a position of ground poten- 
tial to the interior of the terminal is sprayed with charge at the ground 
end, and conveyed to the interior of the terminal where it is removed by a 
collecting comb, The charge collected appears then only at the surface of 
the terminal leaving the interior a field-free region as required by ele- 
mentary electrostatics. Ions formed by a source within the terminal are 
accelerated through a vacuum tube running from the terminal to the ground 

or to another terminal of opposite polarity. The maximm energy imparted 
to a particle is eV, or in terms of electron volts, nV3 the order of ioni- 
zation of the particle times the potential difference between terminals, 
This places a severe limit on the energies derivable from such machines as 
compared to resonance and induction accelerators. The maximm voltage is 
established when the rate of charge leakage by corona discharge from the 
terminal equals the transport of charge by the belt. In the largest unit 
thus far built, this potential has exceeded 5 million volts between two 
terminals oppesitely charged (2). Spun aluminum spheres 15 feet in diameter 
were used for terminals in this machine, 

A typical belt charging system is shown in figure 88. To achieve 
the highest Sila Fie sso voltage requires the greatest practicable charge 
transport; belts are operated at saturation charge, made as wide as the 
design permits, and operated at the highest practicable speed - usually 
several thousand feet per mimte. Paper belts proved to be more practicable 
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in large installations than were silk, rayon, or linen; partly because of 
considerably lower cost but also because of desirable electrical properties 
(1,3). Charge is sprayed on the belt by a spray wire stretched across the 
belt near the pully and at a distance of approximately one half inch, and 
charged to a potential ranging from 5 to 20 KV as determined by the desired 
equilibrium voltage on the terminal, Charge conveyed to the terminal is 
then removed with en effeciency of 35 to 60% by a collector comb consisting 
of a metal strip,containing mmerous sharp points directed toward the belt, 
near the terminal pully. Charge of opposite sign is sprayed on the belt in 
the terminal and again removed at the ground end, thus doubling the terminal 
charging rate. The current delivered to the belt by a charging system has 


been show to be given by (1) 
I=k(V - Vy) 


= empirical constant, 
= spray wire voltage. 


V,. = spray wire threshold. 


The threshold voltage for sharp pointed combs is zero; for wires of small dia- 
meter, it is usually several kilovolts. 

The vacuum accelerating tube is constructed of a series of insulating 
sections made of glass, pyrez, or porcelain which are separated by metalic 
rings and vacuum sealed. The metal rings support external corona rings to 
ensure uniform potential distribution along the length of the tube, and inter- 
nal drift tubes through which the ion beam passes, 

The drift tubes are essential for their focusing effect on the beam in 
order to compensate the defocusing effects of the initial angular divergence 


of ions leaving the ion source, space charge spreading ,and scattering 
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by residual gas in the accelerating tube, The focusing arises from the 
form of the electric field in the gap between two successive drift tubes, 
As shown in figure 988, the field in the first half of the gap tends to 
deflect all ions toward the tube axis, Although the effect in the second 
half of the gap is reversed, due to symetry of the field, the ions have 
gained axial momentum and the angle by which they are defleoted from their 
path is then smaller than the initial focusing effect. The net effect, 
therefore, is to maintain a small pencil of ions which emerges over a small 
area at the target. 
The general structural feature of this type of accelerator requires 
a high order of insulatim shielding, and good geometrical form to reduce 
heavy charge loss by excessive corona discharge and sparking. Most such 
generators have been constructed in spherical form from aluminum sheet; 
span or otherwise fabricated to the desired shape. Insulation is usually 
provided by mounting the terminal on sufficiently long tubes of herkolite, 
textolite, or other non-conducting materials which can be fabricated in 
| large structural form, Power for operating the ion source and auxiliary 
equipment in the terminal is derived from a generator mounted in the termi- 
nal and driven by the charging belt or an euxiliary belt. 
When possible, humidity control is provided in the space ocoupied by 
the charging belt. Humidity of less than 50% is generally necessary for 


consistent and optim operation. 


An important improvement in the design and operation of the electre- 
static generator was introduced by enclosing the entire unit in an atmos- 
phere of air, nitrogen, CCl4 or CCloFo at high pressure. The chief advan- 
tage lies in the greater insulator strength of gases at pressures above 
atmospheric with a corresponding decrease in the breakdown gap for a par- 
ticular voltage. This permits a very considerable reduction in the physical 
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dimensions,which becomes important for high voltage installations. It allow, 
im addition, rigid control of the atmosphere and in particular, the humidity. 
fhe essential features of a high pressure electrostatic generator are the 
seme as in the mits operated at atmospheric pressure. They are however 
built compactly and enclosed in a steel tank designed te withstand a pres- 
sure of 10 atmospheres or more. Because of the small spacing between the 
terminal, accelerating tube, and the grounded tank wall, it is necessary to 
shield the entire unit with closely spaced hoops of alumimm tubing to insure 
a uniform potential distribution and te reduce sparking to the tank wall. 

The acceleration of protons and alpha particles in an accelerator of 
this type does not provide strictly homogeneous beams of particles. Hydrogen 
introduced into the ionization chamber is injected into the aceeleration 
tube both as H* and Hy*. Both particles reach the target with the same 
kinetic energy but the molecular ion splite into two Ht particles on impact, 
resulting in two particles, each with only half the original energy. Simi- 
larly, when accelerating alpha particles, both Het and Het may be produced 
by the source. Energetically homogeneous beams can be obtained readily, 
however, by passing the accelerated beam through a magnetic field or ana~- 
lyser before reaching the target to separate the particles Ht and Hg* or Het 
and Het, 
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15, BETATRON 


A, Description 


The betatron was first successfully developed by Kirst (1,2) for the 
acceleration of electrons by electromagnetic induction, In principle, it is 
similar in operation to the common shell type transformer, Instead of em= 
ploying a secondary coil however, electrons are injected into an evacuated 
"doughmt" to move freely in a ciroular path to which they are constrained 
by the magnetic field. The greater part of the magnetic flux leope through 
the circular orbits by an arrangement of narrow gaps and iron cares. Thus 
a tangentially directed induced electric field is experienced by an electron 
im an orbit of radius r identical to the field induced in a secondary wind- 
LE « 


1 ad 
rt. 


> = velocity of light. 
= magnetic flux through the circular orbit, 


The magnetic field, H, at the orbit increases at the same rate as the flux, 


If both the electron momentum, p, and the magnetic field increase in propere . 


tion, the radius'of the orbit remains constant during the interval it is 
accelerated. The condition necessary for the maintenance of an equilibrium 
orbit of fixed radius r, is given by the betatron flux condition 


$ -9,= 21t o°H 
%, = initial flux when H=0. 
$ = flux at any instant. 


H = magnetic field at equilibrium orbit at same 
instant, 
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The flux through the orbit, therefore, mst be proportional to twice 
the field strength at the orbit. Since both the linking flux and the mag- 
netic field at the orbit are produced in the same gun by. a single magnet, 
this condition is easily realized in practice. 

Acceleration of the electrons from the initial injection energy to the 
maximum energy occurs in one quarter of the magnetic field cycle, either when 
the field is increasing,or decreasing. In either case the direction of ro- 
tation is reversed. The low frequency alternating magnetic field is produced 
by coils wound on the upper and lower pole pieces and, in the most efficient 
form, are coupled to a bank of condensers of appropriate capacity to form a 
resonant circuit. A generator is coupled to the circuit through a secondary 
winding to compensate for losses in the iron and for ohmic resistance, 

A structure of laminated transformer iron is required for the yoke and 
pole pieces to reduce excessive heating and losses by induced eddy ourrents, 
Similarly, large metalic parts cannot be used in or near the region of gap. 
Eddy currents induced in conductors in this region cause sufficient altera- 
tion in the magnetio field to disturb the electron beam, The vacuum chamber 
or doughmt, therefore, is constructed wholly of non-conductive materials 
such as glass, quartz, or porcelain, 


B, Blectron ection and Beam Extraction 


Electrons are injected into the accelerating region from a source 
which is pulsed for a few micro-seconds at the proper instant in the magnetic 
field cycle., Normally the electrons are given an energy of 20 to 70 kev by 
electrostatic acceleration in the injector in order to provide electrons with 
a velocity near that of light. A comparatively simple source is used consis- 
ting of a hot cathode to emit electrons and a slit through which a narrow 


beam is accelerated as shown in figure 89 ,. 
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Several possible mechanisms have been proposed for extinct of 
the beam when the maximum energy is attained. In all cases, the beam is de- 
flected from the equilibrium radius either to smaller radii where it ulti- 
mately impinges on a tungsten target to be converted into x-radiation or 
deflected to larger radii to strike a target mounted on the injector. The 
simplest scheme requires saturation of the pole pieces just before the maxi- 
mum flux through the orbit is reached. The flux conditions is then no longer 
maintained; the electrons gain momentum faster than the magnetic field at 
the orbit increases and hence, spiral outward until they strike the tungsten 
target mounted on the back of the injector. 

A second, and more practicable method of beam extraction alters the 
flux condition, byt the use of auxillary coils at the pole pieces, at the end 
of ‘the first quarter cycle of the magnetic field (3). These coils are 
energized by the discharge from a condenser benk and, depending upon the 
polarity, the field at the equilibrium orbit is increased or decreased 
while the linkage flux is little altered. The elctrons, correspondingly 


spiral inward or outward to reach the target. 


C, Orbital Oscillations 


The existence of an equilibrium orbit when the flux condition is main- 
tained allows for stable oscillation about this orbit. If the magnetic field 
is radially symetric, the principal oscillations are vertical and radial. As 


shown by Kerst and Serber (4), such oscillations will have frequencies given 
by P re 
{> (vert) Kove 
Xray = (-n)bn 


n « d (in H) 


ad (ln r) 


We angular velocity of electrons in 
equilibrium orbit. 
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Excitation of these modes of vibration accompanies injection as a 
result of the angular spread in the injected electrons and the displacement 
of the injector from the equilibrium orbit. Electrons leaving the injector 
must spiral inward to approach the stable orbit whose radius satisfies the 
flux condition; but, depending upon the initial angle of injection, the 
electron may overshoot or undershoot the equilibrium orbit and subsequently 
oscillate with simple harmonic motion about the correct radius and the median 
plane with a frequency usually less than that of rotation, Further excita- 
tion of these oscillations may occur during acceleration both from the effect 
of space charge spreading and from scattering by the residual gas in the vacuum 
chamber. 

Two damping factors appear once oscillations are excited. As the mag- 
netic field increases, their amplitude is diminished in proportion to u-/z 
At high energies further damping is introduced by radiation loss. For a 
radially symmetric field, no forcing factor is present to maintain the 
emplitude of oscillations following the initial exciting pulse, 


D. Focusing 


Although the equilibrium radius is fixed by the flux condition, it is 
necessary to provide magnetic vertical focusing to keep the beam in or near 
the median plane during the long total path length, which, in larger instru- 
ments, is greater than 10 km. This is readily accomplished with wedge shaped 
pole faces giving a magnetic field which is bowed outwardly over the region 
of the electron orbits as showm in figure 89 . 

The emount of focusing that can be provided is limited by the accom- 


panying radial decrease in magnetic field since the concurrent stability to 


radial oscillations is possible only when the restraining force of the mag~ 
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netic field falls off with radius less rapidly than the centrifical force 


on the electron. The magnetic field, therefore, must decrease with radius 


at a rate less than 1/f,end stable, focused orbits are obtainable when 


eat 


e! 


o<n<l] 


The defocusing effects of space charge and scattering are strongest 


at low electron velocities when, fortunately, magnetic focusing is most 


effective, 
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BETATRON CONSTRUCTION 


A. ELECTRON INJECTOR F. FLUX PATH 
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INJECTOR CONTAINING FILAMENT AND ELECTROSTATIC ACCELERATING SLIT 
ELECTRONS LEAVING INJE OSCILLATING ORBITS 


Fig. 89 


16. SYNCHROTRON 


A. Description 


The synchrotron, proposed independently by McMillan (1) and Veksler 
(2), employs certain properties of both the cyclotron and betatron to accele=- 
rate electrons to very high energies. Electrons, injected by ah electron gun 
with a velocity near that of light, are first accelerated by betatron opera- 
tion for which flux bars, figure 90, located within the orbit provide the 
necessary time rate of change of flux through the orbit due to the slowly ine 
creased magnetic field. At a certain energy, the flux bare become saturated, 
the flux remains essentially constant,and betatron operation ceases. At this 
tine a constant radio frequency voltage is applied to the dee and the elec~ 
trons then accelerated to high energies by eyclotron~like operation, Since 


elections are injected with nearly the velocity of light, the radius increases 


py only a few percent during subsequent acceleration, The magnetic field, 


pole pietes, and vacuum chember, therefore,are constructed as a narrow,annular 
ring as shown in figures 90, 91, 92. 

The principle characteristic of the synchrotron is "phase-stability". 
The angular velocity of an electron traversing a circuler trajectory normal 


to a magnetic field is 


w 2 . ecH 


e = electron charge. 

n = pulitiviavic electron mass, 
= magnetic field. 

¢ = velocity of light. 


E = total electron energy: Kinetic plus rest energy. 
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As fhe electron energy and its relativistic mass increases, the mag- 
netic field at the orbit mst increase correspondingly if the electron is to 
remain in or near resonance with the eccelerating electric field. Witha 
magnetic field which increases slowly during the period of acceleration, 
oscillations in phase are stable and tend to be dampened. In effect, the 
phase stability forces the particles to remain in or near resonance with the 
electric field with only small departures from exact resonance, This is 
seen from the fact that an electron traversing the dee gap too early, i.e., 
at a time when the dee voltage is low, recieves a smaller energy impulse 
hag an electron arriving late when the voltage has increased. The angular 
velocity of the first electron is therefore reduced and on successive tran- iS 
sits will arrive later at the gap. The second electron, however, increases 
in angular velocity and arrives at the dee gap earlier on successive cyc2eB. 
The electrow initially injected therefore tend to bunch about on equilibrium 
phase with respect to the electric field during the early stages of synchrotron 
operation, Oscillations contimie about the equilibrium phase throughout 
acceleration but their amplitude is diminished by both radiative less and by 
the increasing magnetic field; yf ; 

aw Es) 

If the magnetic field “an constent, the electrons would not gain energy 
but would maintain a constant average energy while performing phase oscilla- 
tions about the equilibrium phase. However, if the magnetic field is increased 
adiabatically, i.e., an infinitesimal sicraene in H during one cycle of the 
particles, the phase oscillations remain stable and electron bunch as a whole 
must receive a net increase in energy at each transit if the angular frequency 


is to remain constant while the field increases, The ultimate energy is not 
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limited by the radius as in the cyclotron since here it remains nearly 
constant, but rather, by radiative losses Pe des the electrons at very high 
energies. An energy can, in principle, be reached for which the energy loss 
by radiation just equate the energy gained per turn, 

In principle, the structure of the synchrotron magnet is similar to the 
core of a large transformer. The yoke is built up from lamented plates of 
iron to reduce excessive heating and loss from eddy currents, The annuler 
pole pieces similarly are constructed of thin laminations bonded with a non- 
conducting material and shaped to give the requisite bowed field required for 
focusing. The varying magnetic field is produced by, coils wound on the upper 
and lower pole pieces and energized,by discharges from banks of condensers, 
periodically. 

_ Structural details of a synchrotron built for the Atomic Energy Commis- 


sion at the University of California are shown in figures 90,491 fre. 


B. Motion of Particles 


1. Synchronous Orbits: 


The condition for a synchronous orbit are satisfied when the electron 


rotates in resonance with the electric field at an angular velocity given by 


eH ecH 
Eg 


which alternatively gives the equilibrium energy at a particular value of H, 
The angular position of an electron with respect to the gap when the dee vol- 
tage is zero is referred as the phase, D. In the synchronous orbit, the phase 
is constant and results in an energy gain per turn of eV sinf,where V is the 
peak r.f. dee voltage. The equilibrium or synchronous phase can be determined 


from the conservation of energy (1,3) 
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AE, = 2Teo dH - energy gain per turn, 


we dt 


i 


radiation loss per turn, 

r = (E® - m@c2)/300 H = equilibrium radius. 

Vi = voltage due to changing magnetic flux, This | 
contribution is usually small after synchro- 
tron operation has started. 

2. Phase Oscillations 

Electrons which were not started in a synchronous orbit or otherwise 
arrive at the gap at a time differing from the equilibrium phase, are retarded 
or civandel on successive transits and thus continue to execute stable oscil- 
lations in phase as well as in radius and energy about the synchronous values, 


The equation of motion of the phase, (, is given by the relations, (1,3,4), 


a Eg , st sc? ~P ee agers 
awonmw | awawwwe (7 | - ene se wena nw ewww ame § = www s 
ce 1 
b= + coven asses ~ aanae 
pbs len vg2 l-n 
dlnH 
aye 
/ ae dLg 


To Tce 


For oscillations of small amplitude, the energy oscillates about the 


equilibrium value by the amount 
2 
OE=- eee coat (Yn - Ps) 


 ,~= maximum phase amplitude, 
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The corresponding change in radius is given by 


c2 rs AE 


te Ln 


In general, the amplitudes Yn - Pg, AE and Ar vary as 


a - fo” ([1- ave V4 
pe ~ 7 1)1/4 
AE Bs([1 a] 5-) 
Ar oo rg(V/{l a be re 71/4 
The frequency of phase oscillation is small compared to the orbital 


frequency of the electrons. From the equation for the phase, the frequency 


is found to be (3) 


ae (Bet - [tm -9)) 


These oscillations were shown to be stable for adiabatic changes in the 


magnetic field (3). 


5. Orbital oscillations 
Both vertical and radial oscilations in the orbits may occur with fre- 
quencies comparable to the rotational frequency of the electron, Calculations 


of these frequencies (5) gave values of 


se (vert) = nl/2 wy 
Q(raa) = (1 - 2)¥8 w 
n = Sint 
~dinr 


which are damped in part by increasing magnetic field and in part by radiation 


loss at high energies. 
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C. Energy Loss Radiation 


Electrons moving in circular orbits with velocities very close to the 
velocity of light lose energy by radiation arising from radial acceleration. 
The incoherent radiation energy loss per turn is given by 


L= 4i\e2 E 4 
3r mo? 


Further accelerations resulting from orbital and phase accelerations 
lead to radiative energy loss which dempen mch oscillation, For phase oscil- 


lation,the decrease in phase amplitude per turn due to radiation damping is 


=’ as * Ls 
A (on €,) r (3 4n) i 


dD. Synchrotron Operation 


Electrons are injected with an energy of approximately 60 tn into the 
annular magnetic field near the begiming of the magnetic cycle, By betatron 
action above (r.f. field off), they are then accelerated by a constant torgue 

to an energy of the order of 2 mev and a velocity of aberinioatete 0.99 c. 

By this means, the orbits are rapidly brought clear of the injector and to a 
radius which changes very little on subsequent acceleration, The transition 
from betatron to synchrotron operation takes place when Eg = Eg, or rg = rg. 
During the period of transition the electrons increase in angular velocity 
until their period matches the r.f, field which is slowly increasing in ampli- 
flay to its peak value. Those electrons lying within the proper phase angles 
are then "locked" into synchronism and gradually bunched. Betatron action | 
effectively ceases with saturation of the flux bars,and the electrons then 


rapidly derive energy from the r.f, field. 
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_ Despite the bunching effect, an energy spread persists because of the 
finite duration of the injection time. Assuming the injection interval to 
correspond to the time required for an electron to increase from radius rp, 

¢ 


to T pe the energy spread can be calculated from the expression, (3), 


SE = (1 -n) (2mc® 7) =9---2g. 
a 


Tf = kinetic energy of electrons at injection, 
Yo = injector radius. 


T. = betatron equilibrium radius. 


References 


1. McMillan, E, M., Phys. Rev. 68, 143 (1945) 

2. Veksler, V., J. Phys. USSR 9, 153 (1945) 
| 3. Bohm, D., and Foldy, L., Phys. Rev. 70, 249 (1946) 
4, Frank, N. H., Phys. Rev. 70, 177 (1946) 


5. Kerst, D. W., end Serber, R., Phys. Rev. 60, 53 (1941) 


5669 og 


SYNCHROTRON — 
OSciLLaAToR_ 
Skw 48+ re 


Dee Stems 


Pig. 90 


Cut-Away View WitTH 
Toe Hace OF MAGNET 
REmMOoveED 


Reproduced by permission of: 


Atomic bnergy Commission INvec Tor 4 Taeaet 


Electrons are injected (ref. A) into the circular vacuum chamber by a hot-cathode electron 
gun at approximately 60 KV. Operating first as a betatron, the electrons are accelerated by 
means of an electromotive force induced by changing the magnetic field. The field is varied 
by discharging, 6 times per second, a capacitor bank through the magnetic windings. 


Because of relatively small mass of electron (approx. mass of proten), its velocity 
is almost a constant (approaching the velocity of light) at high energies, and owing to the 
relativistic effect, its mass increases greatly. At 2 Mev, electrons move at 98.99% velocity 
of light and have increased in mass 5 times; at 3500 Mev, 99.994% velocity of light and 600 
times increase in mass, 


After reaching 2 Mev, the electrons are further accelerated by an oscillating electrostatic 
field applied to the dee shown above, similar to cyclotron operatione Moving at constant velow 
city and accelerated by a fixed frequency, electrons revolve in a constant orbit . 
ploying the principle of "phase stability", relativistic mass increase at high velocities is 
compensated for by varying the magnetic field strength over a large range, and not by varying 
the frequency as is done in the synchro-cyclotron. Upon reaching maximum energy, electrons 
are caused to spiral inward to strike the tungsten target @@EMMMM producing 300 Mev gamma rays, 
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17, CYCLOTRON 


A, Description 


The cyclotron, or magnetic resonance accelerator, first proposed and 
developed by Lawrence, (1) enables high energies to be imparted to heavy 
charged particles by repeated accelerations across a comparatively small 
electric field. Ions formed at the center of a uniform magnetic field of 
10,000 gauss or more, are accelerated in the gap between two hollow, D-= 
shaped electrodes, known as dees, to which a high fréquency voltage of 10= 
100 KV,peak,is applied in opposite polarity as shown in figure 93, An 
ion starting from the center of the magnetic field is constrained to move 
in nearly circular orbits of slowly increasing radius as it is accelera- 
ted by successive impulses in traversing the gap between the dees. Synch- 
ronization of the high frequency electric field with the frequency of rota- 
tion of the particle ensures that the maximum dee voltage occurs at, or some@ 
what before, the instant the particle passes the gap. During the remainder 
of its path in the field-free region within the dees the particle is unaf- 
fected by the charging electric field which has reversed its polarity when 

the particle again enters the next gap. Two pulses, therefore, are given 
a particle in each cycle. 
The magnetic field does not contribute to the energy and serves only 


to constrain the particle to circular paths whose radius at any instant de- 


ay = i /amisine 
1 ee H ) 


mass of particle. 


pends on the velocity: 


i git 3 


= 
i 


v = linear velocity. 
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e = charge of particle. 


H = magnetic field strength. 

n = mumber of traversals of gap. 

V = peak r.f. voltage. 

gy = phase of particle: angular posi- 


tion from gap when V = 0. 


The angular velocity of the accelerated particle, is indepent of the 
energy and the linear velocity provided the relativistic increase in mass 
is negligible, i.e., for velocities corresponding to alpha particle veloci- 
ties of 50 mev or less. The period of rotation is then constant with mag- 


nitude given by 


The frequency of the particle,as well as of the oscillating electric field, 


are correspondingly constant with a magnitude given by 


eH 
2 frme 


1 
Vv = = 
T 


The highest energy to which a particle can be accelerated is determined, 
aside from the limitation imposed by the relativistic increase in mass, by 


the magnetic field strength and radius: 


e°R°He 
max 2m ef 
R = maximum radius. 


velocity of light, 


re) 
i 


If the frequency and peak voltage is kppt constant and only the magnetic 


field altered for the acceleration of particles of different mass, the maxi- 


mum energy to which the particles can be accelerated for a given radius is 
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directly proportional to the mass: 
Buax = 2 tr"m weR2 


The most efficient utilization of the beam is made by inserting a probe 
of the substance to be bombarded into the beam at the maximum radius. This 
method, however, proves to be inconvenient for routine bombardments and un= 
gattbfabtory in experiments where a directed or collumated beam is essential, 
Beam extraction is accomplished, for energies up to 50 mev at least, and pos= 
sibly higher, by electrostatic deflection of the beam after it has attained 
maximum energy. A long curved plate located a quarter or third of the dis- 
tance along the periphery of the’ orbit is operated at a sufficiently high 
negative potential to deflect the beam out of its normal orbit and into the 
region where the magnetic field begins to fall off rapidly. In this way the 
beam can be directed into a tangentially located target chamber and if neces= 
gary brought out of the vacuum tank eiiodel a foil window. 

Alternative schemes have been proposed which may prove more successful 
for the extraction of very high energy beams. ( > 100 mev) for which simple 
eléostodtatic deflection may be impracticable. For example, if the magnetic 
‘field is weakened locally by shims along a spiral path leading outward from 
the maximum radius, ions of the proper energy entering this region can be lead 
bint to the periphery of the field where it falls off rapidly and the ions will 
then follow nearly a straight path (2). Magnetic deflection of this kind com- 
bined with appropriate electric fields may ultimately provide the most satise- 
factory deflector system in such cases; however, investigation of such schemes 
is still in progress at the present time. 

The general structural features are illustrated by the diagram of the 
184 inch cyclotron at the Radiation Laboratory of the University of California 


shown in figures 94 , and 95, 


5669 Lik 


B. Ion Paths 

The ultimate fate of an ion depends largely on how it gets started. 
Less than 107* of the ions produced at the source ever reach the target. 
The greater proportion is lost immediately through neutralization by col- 
lision with parts of the source and the dees,and partly by recombination, 
Furthermore, ions can be started on stable unieua only during a part of 
electric field cycle. Those which start long before the dee voltage has 
reached a maximum value are ultimately defocused and strike the dees. Ions 


starting long after the dee voltage has passed a maximum value may be acce= 


! 
t 
H 
: 
ih 
t 
: 
r 


lerated and find stable orbits,but these still have little probability of 


ee a SS es 


reaching the target. These ions receive only a fraction (approximately 1/2 


or less) of the accelerating voltage at each transit past a gap and must 


a ee eee ee 


perform correspondingly more cycles and, hence, traverse a greater path 
length,to reach the maximum radius and energy. The probability of collis- 
ion with the residual gas in the tank becomes greater and, in general, such 
ions are either deflected by collisions to the dee walls or are knocked out 
of resonance with electric field, The ions which successfully reach the 
target, therefore, are those which start within a time interval correspond- 
ing to the portion of the electric field cycle near and somewhat site the 
maximum as shown in figure 93 :. 

Three features of cyclotron orbits are important to its operation: 
1, stability to small oscillations superimposed on the normal spiral path; 
2, the tendency of ions to remain in or near the median plane between the 
pole pieces 5, the stability of resonance between the ion rotational fre- 
quency and the oscillating electric field. The necessity for a high order 
of stability is apparent from the fact that in large cyclotrons, the ions 
will have traveled a total length of hundreds of meters before arriving at 


the target where the beam should have a cross sectional area of only a few 
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square cm. Certain properties of the orbits must therefore correct even 
small deviation of the ion in transit if it is to remain with fn the small 
solid angle necessary to reach the target. The stability of ion paths for 
those ions which start during the favorable part of the cycle depends upon 
the focusing properties inherent in the design of the cyclotron. 

Electrostatic focusing is important during the first part of the accel- 
eration before the ionshave reached large radii and high energies, When an 
ion, which is not in or parallel to the median plane, traverses the first 
half of the gap between dees, the electric field distribution Ficnsee te 
ion toward the median plane as shoes in figure 96, In the second half of 
the gap, synetry of the field leads to a defocusing effect but the ion mo- 
mentum has increased simultaneously and the angle of deflection is less. 
The net effect therefore, is focusing. If the ion traverses the gap short- 
ly after peak voltage has been reached, the focusing effect is further aug- 
mented since the field weaknes during transit and the particle is focused 
both by its momentum increase and also by the asymetrical field it exper= 
iences, The reverse process follows when transit occurs during the part 
‘of the cycle when the voltage is increasing rapidly; defocusing is enhan- 
ced and may exceed all focusing effects, The ion is then lost to the dee 
or other structural parts after a sufficient number of periods. 

Magnetic focusing fortunately becomes predominant at large radii and 
high energies where electrostatic focusing becomes ineffective. This ef- 
fect arises from the bowed magnetic field near the edge of the gap; provid- 
ing horizontal components in the magnetic field as shown in figure 96 . 
Ions which have wandered out of the median plane are continuously forced 
back by interaction of their vertical velocity components with the hori- 


zontal field component in the same way that the particle is constrained to 
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wees in a circular or spiral orbit by the vertical field, 

Both the electrostatic and magnetic fosusing effects provide the re- 
quisite restoring force to ensure the stability of oscillations of the orbits 
about the median plane and the normal orbit. When the magnetic field posses- 
ses perfect radial: symetry, free oscillation can occur with both vertical 
and radial componerts and only with periods equal to or longer than the 
rotational period of the particle. Free oscillations in cyclotrons are 
neither damped nor forced once they are excited. 

Oscillations in phase, i.e., the angular position of the particle with 
respect to the gap when the dee voltage is zero, are stable for certain orbits. 
A particle arriving at the gap early or late is retarded or advanced accordingly 
on successive transits and continues to execute simple harmonic motion about 
the equilibrium phase, Phase oscillations introduce a characteristic preces- 
sional motion in the normal orbit causing the center of rotation to move in 
a circle with the same period as the phase oscillation. 

Asimuthal asymetries in the magnetic field lead to forced oscillations 
with frequencies equal to, or greater, then that of the rotational frequency, 
Small oscillations of this form are usually stable and sometimes must be 
tolerated. 


C. ion Source 


The ion source in a cyclotron is accurately located at the center of 
the magnetic field and directly above or below the gap between the dees, 
corresponding to the position in the median plane from which the greatest 
number of ions can be started on stable orbits. In its conventional form, 
the ion source consists of a heavy helical tungsten filament mounted in a 


closed copper structure with a capillary outlet directed toward the median 
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plene and parallel to the magnetic field as shown in figure 93, The en- 
tire structure is aupported from the tank wall by an appropriate mechanism 
te allow exact adjustment of its position with respect to the dees for op- 
Sieg cane eatual 

The gas to be ionized, hydrogen, deuterium, or helium, is piped into 
ne ween around the filament from where it leaks out through the capillary 
in which it is ionized by electron bombardment. An ion cloud is then formed 
in the central region between the dees from dikers ions are pulled, ea¢h half 
cycle, into alternate dees by the strong electric field. A tungsten capped 
block mounted on the side of the tank opposite the source frequently serves 
as a cathode; sileedi te at several hundred volts positive with respect to 
the filament structure. Filaments have been suécessfully operated on- direct 
current, and on low and high frequency current. 

Details of the design of ion sources vary somewhat depending upon the 
particles to be bpoelerated and the particular cyclotron in which it is used 
Usually the same source can be employed for protons end deuterons. Alpha 
particle sources, however, are made more massive to withstand the higher rate 
of deterioration from positive ion sputtering, Water cooling on the fila- 
ment leads is essential as well as good thermal contact between parts of the 


source to prevent local melting from ion bombardment. 


D. clotron Targets 


Lie Design features of Targets : 


A variety of target forms and techniques are employed, depending largely 
' upon the physical properties of the bombarded material, the purpose of the 
bombardment, and whether it is bombarded in the vacuum chamber of the cyclo- 


tron or in an external chamber into which the beam is deflected, 
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An internal target requires special consideration in its design and 
is limited to the comparatively few substances which are stable in a vacu- 
um at elevated temperatures. Although a slightly higher bombardment effi- 
ciency cen be obtained than for an external targets, the limitations and 
operational difficulties make internal targets inconvenient for routine bom- 
bardments. Nevertheless, internal tergets are frequently used in one of the 
two possible forms. In the first, the target material is mounted at the end 
of a probe and inserted directly into the circular orbit of the beam at its 
maximum radius, through a vacuum seal in the tank wall (3). In the second 
form, the target is mounted in a chamber located beyond the deflector. Probe 
targets are usually less satisfactory for most purposes because of engineer- 
ing and operational difficulties but it possesses the advantage that conside 
erably greater beam currents can be had and the deflected beam to the target 
‘chamber can still be used simultaneously although with same loss of intensity. 

Bombardment in a target chamber, into which the beam is deflected,is the 
most widely practiced use of internal targets (4). Such targets cen be chan- 
ged rapidly by meens of a vwacmm lock and, in general, engineering and opera= 
tional factors are more favorable, 

External tergets are also bombarded in a target chamber located beyond 
the beam deflector but are separated from the vacuum tank by a thin alumin-~- 
um window through which the beam emerges. Comparatively little difficulty 
is experienced with these targets since occluded gases, high vapor pressure 
and decomposition in no way affects operation of the cyclotron, Such tar- 
gets can be operated, when necessary, in an atmosphere of helium at a re- 
duced pressure, to prevent oxidation and to avoid excessive beam absorption. 
In addition to simplicity of operation and design, gases and liquids can be 


bombarded as well as most solid substances, 
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Practically all substances must be mamted on a water cooled copper 
target plate to be bombarded, both for internal and external targets. The 
details of the design of a target and the choice of target material, is, 
in general, governed by heat transfer, bonding properties, stability, bom- 
barding efficiency, and the subsequent chemistry. The relative importance 
of the first three factors in the design difference of internal and external 
targets is chiefly one of degree, whereas, the last two factors apply equal- 
ly well to both targets. 


2. Heat Transfer. 

Rapid transfer of heat mat be provided for between the target substance 
and me cooling system. Although as little as 25 watts may be delivered by 
the bean, the equivelent heat is liberated um ally in a very small volume 
of the target material. The bonding to the water cooled copper target plate 
should, therefore, ensure good thermal contact and the thickness of the mat- 
erial limited to prevent high surface temperatures and local overheating due 
_ to steep thermal gradients. This is particularly important for internal tar 
gete when the material has an appreciable vapor pressure or a euiauney to 
decompose at elevated temperatures. 

The temperature rise of the water in the cooling system provides a 
convenient means of estimating the bombarding beam current from the relation, 
(3), 

| i= 4,18 Le 
Q= flow rate. 
At = temperature difference between inlet 
and outlet water. 


E = energy in mev, 
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S. Target Materials and Bonding. 
The most satisfactory processes for bonding materials to the copper tare 


get plate are electroplating, soldering, and brazing. They are applicable, 
however, only to those few metallic elements and alloys (including bavirel ade: 
which can be silver doldered) that are stable under bombardment and at ele~ 
vated temperature, particularly when used with internal targets. Materials 
that cannot be bonded by these processes are usually prepared in the form-of 
suitable compounds or mixtures. Many of these can be fused and will adhere 
to a copper target plate on which “"V" shaped grooves have been milled in a 
direction parallel to the plane of the beam and to a depth corresponding 
roughly to the range of the particles in the target material. A thin layer 
of the material is spread over the groovesand the plate heated from below 
with a torch or in a furnace until the material fuses into the grooves, Bet=- 
ter heat transfer to the plate during bombardment is obtained if the grooves 
are not quite filled, 

The choice of compound or mixture used for this type of target is de- 
termined mainly by its binding strength and stability, Por internal tars 
_gets this is particularly important; it should not decompose or melt or have 
@ vapor pressure high eough at elevated temperatures to interfere with oper 
ation of the cyclotron or to cause loss of material. These factors are less 
stringent in external tergets but it is still desirable to use materials with 
high resistance to thermal shock and very low vapor pressure to reduce loss 
of active material. | 

The suitability of a substance for internal targets is difficult to 
predict beforehand but several generalizations of the properties of com 
pounde best suited for target materials have been propa ed by Reid (4) and 
Weil (5). 
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A. Ionic compounds of two elements probably will not adhere weil. 
' B. Ionic compounds in which an ion is diatomic adhere better. If 
the anion is the metaforn, pend die may be good. 
C. Compounds which polymerize may be satisfactory. 
D. Compounds which form a glassy-non~crystalline solid generally form 
&@ good bond. 


A list of compounds used for internal targets is given in table 
_ Meny materials which are stable under target conditions but cannot be 
fused easily to the target,can be bombarded in the form of powder. Targets 


oo 


in this form are prepared by filling a shallow recess in a water cooled cop- 


per block with the power and sealing it in with a cover of thin tantalum 
foil (6). It is then bombarded externally, usually in an atmosphere of hel- 
ium at reduced pressure. Helium is preferable to other inert gases since it 


does not appreciably absorb the bean, 


. 
; 
4 
i 
7 
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Both gaseous and liquid substances can be readily bombarded externally 
in appropriately designed ‘containers. One end is sealed with an aluminum or 
tantalum foil through which the beam enters, As in solid targets, proper 
consideration should be given to the disdpation of heat produced in the tar- 


get volume, 


4, Target efficiency. 
From the point of view of beam utilization, target efficiency is judged 


by the proportion of the beam producing the desired reaction. An efficiency 

of 100% is assured, therefore, only in a target consisting wholly of the iso- 
tope producing the reaction. The presence of isotopes of the seme species r e- 
duces the efficiency by the amount of their total abundence compered to the 


isotope producing the reaction, When the target material is a compound, or 
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mixture, the efficiency is still further reduced but in a more complicated 
manner since the stopping power of the. constituent atoms is different. Ob 
viously, compounds containing only a small percentage of the reaction element 
should be avoided when efficient bombardment is sought after. The volume of 
target material is alw a factor in the efficiency if its depth is less than 
the useful range of the particles and its surface does not completely cover 
the beams cross section, 

So far as bombardment efficiency is concerned, it would appear desir- 
able to make the target more than necessarily massive to insure complete beam 
absorption in the target material, however, other considerations make it de- 
sirable to reduce the volume of material to the minimm required for complete 
deen utilization. This is necessary to obtain the highest specific activity 
UGE Gukide the Calues.cf material handled ip Giakea) isclekios Os the 
active isotope. The surface area should correspond to the beam cross sec- 
tion which is usually known and reasonably stable. The depth, on the other 
hand, should equal the maximm useful range of the particles in the parti- 
cular target material. The useful range need not correspond to the total 
renge of the particle in the substance, When a threshold energy for the 
reaction exists, that portion of the residual renge in which the particle 
energy is less than the threshold does not contribute to the reaction and 
might just as well lie within the copper target plate. In estimating the 
target thickness, therefore, a length equal to the threshold range should 
be subtracted from the total range in the material. Any scattering effects 
in targets, perticularly of heavy elements and for lew energies would in- 
crease the effective | thickness of the target. 

The ranges for protons, deuterons, and alphas particles are given for 


a veriety of substances in the section on alpha particles. In elements 
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- which ranges are not given, a i approximation of the range, good enough 
re this purpose, can be obtained by extrapolating from the range-energy data 
for an element of nearly the saome atomic munber given in the graphs. If Ro is 
the known range of a particle at a particular energy in an element of atomic 
number Zo» the range,R, in’ another element with atomic number Z is 
Zo No 
R = Ry ---e-= 
ZN 
No = number of atoms per cc of atomic number Z,. 
N = number of atoms per ce of atomic number Z. 
When the target material is a compound or mixture, it is possible in many 
cases to use an average atomic weight for computing the range by extrapolation, 
then 
Ro 2, No 


R = event = on owe 


N dt Zs 


f; = fraction of atoms with atomic weight Z, in 
substance containing n atomic species. 


Table 15. FUSABLE COMPOUNDS USED FOR CYCLOTRON TARGETS (4, 6) 


element 
bombarded 
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E, chro = Cyclotron 

pasiy 4x the development of the cyclotron it was pointed out that the 
relativistic increase in mass of an accelerated particle would place a limit 
on the maximum energy derivable from the conventional form of cyclotron (9). 
With only a few percent increase in mass this effect becomes troublesome. 
The rotational frequency of the particle decreases and it arrives at the gap 
continuously later each cycle, i.e., the phase of the. particle with respect to 
the fixed frequency electric field decreases until ultimately the particle 
crosses the gap at zero voltage and is no longer accelerated. 

This limitation, inherent in a combination of fixed magnetic and fixed 
frequency electric field can be removed either by slowly increasing the mag- 
netic field or by slowly reducing the electric field frequency during the 
period of acceleration (10, 11, 12, 13). The first method is impracticable 
in the magnetic structure required for the cyclotron. The second alternative 
however, has proved successful and has been used for the acceleration of 
deuterons to ~ 200 mev (14,15), corresponding to a mass increase of 10 percent. 
The frequency is slowly decreased over the period of time required by an ion, 
starting from the center, to reach the maximum radius. The percentage 
frequency modulation required depends on the mass of the ion and the 
maximum energy to which it is accelerated. Exact correspondence between the 
changing rotational frequency and the modulation frequency, or more correctly, 
their instantaneous rates of change, is not necessary since it has been shorm 
that a slight mismatch in the two frequencies leads to phase oscillations 
about the equalibrium which are stable for an adiabatically changing field 
frequency. Precise control of the field, therefore, is not an important 
factor to contend with and the field frequency need only approximate the 


instantaneous rotational frequency of the particle. 
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Unlike the conventional oyclotron, the beam in this modified form 
mist be pulsed. Ions are injected during an interval of a few micro=- 
seconds only at the beginning of the modulation cycle at a time when the 
electric field frequency is in resonance with the particle frequency at 
low Gace 

Aside from frequency modulation and a pulsed beam, the characterietics 
| and structures of the synchro-cyclotron are similar to the conventional : 
cyclotron, The ultimate energy which can be reached is now dependent wholly | 
on practical considerations, 

Modulation of the field frequency can be accomplished either electri- 
cally or mechanically and in the latter method, by varying either the induce 
tance or capacitance of the resonant dee circuit. Modulation by electrical 
systems is still in the developmental stage (Columbia group) and ne published 
. literature is yet available. Several mechanical systems have been success-~ 

fully developed providing frequency modulation up to 30% (14,15,16). In 

all cases variable capacitors were used, 

For example: nedutation of the 184 inch cyclotron at the University 

of California is accomplished with a rotating condenser mounted at the end 

of the dee stem (15,16) (figures 94,95), A set of stationary stator blades is 

mounted on the perifery of a motor driven insulated disc. A fixed coupling 

condenser plate mounted close to the disc completes the circuit. The entire 

unit is operated in a separate vacuum chamber to reduce sparking in the small 
- gaps when the blades are adjacent. The maximum capacitance of the vitinble 

condenser in this scheme,where it is mounted at the end of the dee stem is 


given by (16) 


C= 1 
Zw tan(" “ to —) 
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| : 
‘ 


) L= Characteristic impedance of dee stem in ohns,. 
W= Field frequency in redians per second = 2 fT 
1 = Total length of transmission line in cm, 


Cq = Capacitance of dee and stem in unf. 


‘ line length = 20 ten-l 1 
The trensmission e length is 1 = tan “Sts 


r-) 
ui 


Velocity of light, 


ee ae 


If C = Cg, the voltage across the condenser equals the dee voltage and the 


voltage node lies equidistant between the dee and rotating condenser, 
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SCHEMATIC DIAGRAM OF CYCLOTRON 
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Inside the vacyum tank are positively charged nuclear particles (deuterons), entering at the 
center and revolving in a uniform magnetic field; as the energy increases, in step with the 
oscillating voltage on the "dee", these particles spiral outward. The energy gain is 20,000 
electron volts ver revolution; thus, it takes 10,000 revolutions to reach 200 Mev. At this 
energy particles are moving at 80,000 miles per second, or 43% the velocity of light. 


The deuterons, as they approach the velocity of light, increase in mass (relativistic 
effect). To prevent the particles from lagging, and so failing to be accelerated, the 
oscillating frequency of the dee voltage is continuously changede Thus the terms 
“frequency-modulated" (or FM) cyclotron, or “synchro-cyclotron". 

| Reproduced by permission of: 

Radiation Laboratory Bake 
University of California 


; 


ACCELERATIN 


DeurTegROw 
SouRgce : 


, QURCE 


FILAMENT 


5669 1,30 


_ CYCLOTRON 


CUT AWAY TO SHOW INTERIOR 


ee 


MAGNET gt han 


OSCILLATOR 


ROTARY _ CONDENSER _ HOUSING 


food 
: 3 
DEE | TRUCK | et Sag § a 
. / 
/ 
ze 


VACIUN, TANK 


VACUUM _. ZAANIF 2h. 


DIFFUSION PUMPS 


~ 


Fig. 95 OWER- COIL TANK ~~~ 


Reproduced by permission Of: DFUTERON SOURC 


A 


Radiation Laboratory vy 
University of California Puy 8 
PS 


| 


Fig. 96 MAGNETIC FOCUSING EFFECT ON ION PATHS OF LARGE 
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MEDIAN PLANE 
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ELECTRIC FOCUSING EFFECT ON IONS IN A CYCLOTRON. 
THE FIGURE ILLUSTRATES THE POTENTIAL DISTRIBUTION 
IN THE GAP BETWEEN DEES. ASSUMING THE VOLTAGE 
TO BE CONSTANT DURING TRAVERSAL OF THE GAP, AN 
ION OUTSIDE OF THE MEDIAN PLANE IS DEFLECTED 

TOWARD THE PLANE ‘OVER HALF THE GAP AND AWAY 
FROM THE PLANE IN THE SECOND HALF. THE NET 
EFFECT IS FOCUSING SINCE THE TRANSIT TIME IS 


SHORTER IN THE SECOND HALF DUE TO THE INCREASED 
VELOCITY. 


POLE PIECE 


er :==- 
CIRCULAR ORBITS 


DEFLECTED TOWARD — 
MEDIAN PLANE 


POLE PIECE 


RADIUS IN THE CYCLOTRON. BOWING OF THE MAGNETIC 
FIELD NEAR THE EDGE PROVIDES A HORIZONTAL COM- 
PONENT IN THE FIELD WHICH DEFLECTS PARTICLES 
TOWARD THE MEDIAN PLANE. 
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II. MEASUREWENT OF ISOTOPES 


18. GEIGER-MULLER COUNTERS 


A. General Properties 
Geiger-Muller tubes are a form of high gain, gas filled, amplifying 


diode operated at potentials below the continuous discharge voltage. Its 
essential function is that of a triggering device in which a discharge is 
initiated by an ionizing varbicle. The subsequent accumlation of negative 
charge,reaching a magnitude of the order of 10-8 coulomb,is collected at 

an anode where it can be detected as a voltage pulse by appropriate instru- 
ments, The usual form of G. M. tube consists of a cylindrical cathode with a 
coaxially mounted wire anode sealed in a tube containing various gas mix- 
tures, usually at reduced pressure. Designs, materials, and gas mixtures 
of many varieties are used depending largely on the kind of radiation to 

be measured He to some extent, upon special purposes. The G. M. tubes 
commonly used in practice vary in size from 0.3 cm. to 10 cm. in diameter 
and lengths from 2 cm. to 50 cm., while for most tubes the anode wire, 
Guatte ventek te: is about 0.02 to 0.1 mm, in diameter, 

The size, duration and general character of a discharge in a G. M. tube 
is independent of the specific ionizing power of the initial particle. Thus 
an electron and an alpha particle produce the same pulse as observed on an 
oscilloscope although the latter produces 10° - 10° times as many ion pairs 
per cm, of path. Ome ion pair, if formed in the sensitive region of the 
G. M. tube, is sufficient to trigger the discharge which subsequently involves 
roughly 10°° ion pairs. 

The first part of the discharge occurs rapidly. Electrons released by 


the initial ionizing particle drift to the central anode wire. In the high 
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electric field close to the wire, the electrons acquire sufficient energy 
between collisions to ionize the neutral gas molecules and, thus, release 
additional biceihas which contribute to a Townsend avalanche; multiplying 
the initial number of electrons by a factor of 108 to 102%, Because of 
the high mobility of electrons,this part of the process is completed in 
less than one microsecond, The less mobile positive ions,however, remain 
as a positive space charge surrounding the anode along its entire length 
(1, 2) and the wibadduant behavior of the discharge following the Townsend 
avalanche depends upon the form of the gas used to fill the counter; more 
generally, depending upon whether the gas is monatomic or polyatomic in 


the sense that it contains three or more atoms. 


B. None-self Quenc Counters 
When only monatomic or diotomic gases are present,the counter is said 
to be non-self quenching. Following the generally accepted qualitative 


description of the processes given by Montgomery and Montgomery (3) and 


‘other writers (4), the presence of the residual, slow moving positive ion 


sheath greatly modifies the electrostatic field gradient surrounding the 
anode, thus quenching the avalanche by preventing any remaining free 
electrons from acquiring sufficient energy between collisions to cause 
ionization. The positive ions then move to the cathode in a time of the 
order of 107* seconds. At the cathode surface they are neutralized by 
ejecting an electron from the wall. This is immediately followed by 

the emission of one or more photons from each atom as it returns to the 
ground state. For some monatomic gases such as argon, helium, and hydro- 


gen, the emitted radiation lies in the ultra violet and hence possesses 
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sufficient energy to eject photoelectrons aii counter walls where it is 
absorbed, Although the photoelectric efficiency is of the order of 1 ejected 
electron per 10+ photons, a? 10° ions are formed in the discharge process, 

| the probability of electron ejection is high and consequently the discharge 
is continued. In addition, positive ion bombardment of the cathode at 
potentionals normally used in operating counters frequently results in the 
direct ejection of free electrons which may continue the discharge. A 

third mechaism explained by Ramsey (5) and others occurs when the initial 
avalanche is small, Photons emitted by ions in the avalanche which capture 
an electron, before reaching the cathode, can eject photoelectrons which then 
maintain the discharge in what is observed to be a series of diminishing 
pulses. 

Thus, discharges in tubes containing only mono- or diatomic gases will 
continue so long as the anode potential is maintained. Quenching is accom- 
plished in such tubes only by some external device such as a high resistance; 
usually of the order of magnitude of 109 ohms, or by an electronic circuit ; 
which reduces the anode potential below the threshold voltage after the 
initial part of the pulse until the positive ions are collected. Such coun- 
ters have revolving times of several times 10~* seconds corresponding to 


the transit time for positive ions. 


C. Self-Quenching Counters 


The addition of polyatomic gases such as methane, alcohol, or amyl- 
acetate alters the process in a way to quench the discharge following the 
Townsend avalanche without the use of external quenching circuits and are 


called seélf-quenching counters or fast counters. The resolving times of 
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such counters is usually of the order of 10~* seconds or less. 


The principle function of the polyatomic quenching gas is to prevent 


further production of electrons following the completion of the initial Town- 


send avalanche, This is accomplished mainly by reducing photoemission and 
secondary electron emission from the cathode walls (4). 

The effectiveness of polyatomic gases in absorbing photons is due to 
the diffuse vibration-rotation interaction absorbian bands present in the | 
ultra violet region of the spectrum. Radiation emitted by excited argon, 
helium, etc., lies between 1020 R and 790 & ana can, therefore, be absorbed 
by such molecules as methane and alcohol which have continuous absorption 
bands blanketing this region. In addition to absorbing radiation, it is 
- equally irontant that such molecules do not re-emit the absorbed photons 
but have instead a strong tendency toward releasing the excitation energy 
by photodecomposition. This appears to be valid for all polyatomic gases 
exhibiting quenching properties. 

| Secondary emission is effectively reduced by two mechanisms. First, 
the monatomic and diatomic ions formed in the initial ionization process 
are prevented from reaching the wall by the process of electron exchange 
with neutral polyatomic molecules with which they collide with a frequency 
of roughly 10” - 10° per centimeter of path. This is possible only when 
the lonization potential of the quenching gas is less than that of the non- 
quenching gas (4). The photons emitted in the process are absorbed, in 
turn, by other polyatomic molecules. Second, the quenching gas ions, 
formed either by the initial ionizing event or by electron exchange, are 
neutralized by electron ejection from the wall but exhibit a greater prob- 


ability for decomposition than for ejection of a free electron or radiative 


5669 136 


\ 


capture. Altogether, the probability of secondary electron production 
appears to be 1 electron per 101 sons (6, 7) and these can be absorbed 
by the slow moving residual quenching gas ions. 

The presence of appreciable quantities of negative ion-forming gases 
such as Of, He0, and the halogens in a counter considerably alters the mech- 
anism of discharge and with it the desirable opeeneene characteristics. The 
slow collection time of negative ions compared to electrons tends to pro- 
long the discharge time and frequently leads to the complete disappearance 


of the Geiger-iMuller plateau. 


D. Pulse and Veltage Characteristics 


Voltage pulses,observed on an oscilloscope,decrease rapidly from anode 
potential to a minimum value in a time of the order of one ficrosecond 
corresponding to the collection time of the electrons. Following the pulse 
minimum, the voltage slowly recovers to normal anode potential as the resid- 
ual positive ions are swept out. During the first part of the pulse, re- 
ferred to as the dead time, the counter is wholly insensitive to a second 
ionizing event. As the voltage recovers beyond a critical value, an ionizing 
event may produce a successively larger pulse until, at the termination of 
the recovery time, a normal pulse yoltage is again produced as shown in 
figure 97 . Both the dead time and recovery time appear to have durations 
of the order 2 x 10 seconds. 

Voltage characteristics of counters are determined by observing the 
counting rate for increasing anode voltage. The importent characteristics 
of a Geiger-Muller, or discharge, counter is the existance of a well-—de- 
fined plateau voltage region over which the counting rate does not increase 


appreciably. Normally this region should be flat within 2 percent over an 
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internal of 200-300 volts. 

The following voltages are frequently referred to: : 

Starting voltage: lowest voltage at which counts are observed. This 
depends largely on the detecting circuits used. 

Proportional threshold voltage: lowest voltage at which proportional 
pulses are observed. This is often identical with the starting 
voltage devending upon the detecting circuits, 

Geiger-Muller threshold voltage: lowest voltage at which all pulses 
have the same height. 

Operating Voltage: the normal voltage at which a counter is operated, 
usually in the Lower half of the plateau region. 

Over voltage: the difference between the o:erating voltage and G. M. 
tioebieia voltage. . 

‘The voltage regions of a counter usually referred to are given below: 

Region of a few volts above ground ca dhetods which recombination of 
ions formed by an ionizing particle recombine before collection 
by the anode or cathode, ‘ 

Ionization region: Usually of the order of tens of volts; initial ions 


are collected but do not multiply appreciably. 


Proportional region: Pulse produced by an ionizing event is proportional 


to the initial number of ions formed for any fixed operating 


: voltage. 
Geiger-Muller transition or limited proportionality region: Pulses are 
no longer strictly proportional and large pulses exhibit some of 


the characteristics of the G. M. region. 
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Geiger-Muller region: Discharge characteristics in which pulse size 
as independent of initial ionizing event and the counting rate 
remains essentd4ally constant. 

Continuous discharge region: Characterized by a continuous glow dis- 


charge 


E. Filling Gases 
The most frequently used filling gas is a mixture of argon (80-95 


percent) and alcohol (5-20 percent) at a total pressure of 5 to 20 cm. He. 
Argon has a large cross section for ionization, a sufficiently high ioni- 
zation potential to allow electron transfer with most polyatomic molecules, 
does not form negative ions and is readily available. Quenching gases 
other than ethyl alcohol can be used, for example, ethane, amyl acetate, 
ethane, tetraethyl lead, etc. Heavy polyatomic molecules may be used and 
some increase in useful counter life will usually be found because of the 
greater number of decompositions eeeyee | to reduce it to a non-qQuenching 
gas. However, their use in most counters is undesirable since it leads to 
a longer resolving time due to the low mobility of heavy ions. Gases which 
have strong tendencies to produce negative ions should be avoided{ 4, 9). 


This includes primarily Oo» COo, water vapor and the halogens. 
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Table 16. IONIZATION POTENTIALS OF COUNTER GASES (10) 


/ 


Non=Quenching | Quenching 
Substance Volts Substance Volts 
fp a PE nr es 

A 15.68 CH4 14.5 

No 15.51 CSe 10.4 

Ne 21.47 Olin Pe ee 

Xe 12.08 CoH. 12.2 

Hy 15.6 CoH. 12.8 

K 4,318 NH 11.2 

HO 12.56 CoH, OH 11.5 

co 14,1 

COs 14,4 

CN 14,0 

He 24,46 © . 


F. Counting Tube Life 


The useful life of self-quenching counters appears to be dependent 
upon the volume of gas in the counter (8). In each discharge, approxi- 
mately 1019 ion pairs are formed and a small fraction of the polyatomic 
molecules are decomposed into smaller fragments, some of which continue 
to behave as a quenching gas. Ultimately, however, an appreciable fraction 
of the idaniex molecules are reduced to free oxygen, hydrogen, and carbon 
which remain in part as non-quenching unas and in part as an accumulation 
of crud on the cathode, The counter is then no longer self-quenching and 


must be refilled. Assuming 108 - 1010 quenching gas molecules decomposed 
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per discharge,and a total number of 1070 , the approximate life of a counter 
is the order of 1010 counts. The effective life can be prolonged somewhat 
by operating the counter at a voltage in the lower end of the plateau and 
by increasing the gas volume, The latter method has been successfully 
employed for very small counters by attaching a bulb of larger dimension to 


the counter outside of the sensitive region to serve as a reservoir (8). 


G. Gas Counters 

A higher order of sensitivity as compared with the thin window counter 
can be attained in measuring the activity of very low energy beta emitting 
substances by introducing the isotope in some gaseous form into the counter 
as part of the filling gas. This is particularly useful for measurements 
of weak activities of ci4 and for all activities of H” which have maximum 
energies of 145 kev and 15 kev respectively. In principle, any radioactive 
isotope which can be put in a gas form can be measured by this means. If 
the maximum energy is greater than .2 mev or if gamma rays are emitted, 
a procedure using a thin window gamma counter is, in general, faster and 


more convenient, 


H. H° Gas Counter 
Beta emitters with maximum energies as low as tritium (15 kev) mst 


necessarily be measured under conditions which avoids any absorber including 


_gelf absorption, This is possible in G, M. tubes only by introducing the 


tritium directly into the sensitive region of the tube. Satisfactory 
procedures of this kind have been developed by Black and Taylor (11), Pace 
(12) Allen (13), and Cornog (14) in which tritium is introduced as part of 


the gus filling mixture in the form of HTO vapor. A conventional design 
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of glass walled tube is uged which has a total volume of 1 litre , a 5 om 
diameter copper-screen cathode,and a 0.010 inch diameter tungsten anode. 

The disturbingeffects of water vapor in G. M. tubes are avoided by 
limiting the HO vapor pressure in the tube to 2 mm Hg. To this is added 
a mixture of 2.5 cm. Hg. of anhydrous ethyl alcohol and 2 cm Hg of argon. 
Immediately after filling, the counting rate increases and reaches a constmt 
value after approximately 30 minutes. The counting rate has been found | 
to be linear for activities up to 3600 cpm for the tube described here, 

At higher counting rates, the response is not linear and dilutions must 
be made or calibration curves employed. 

A plateau of 300 volts and a threshold of approximately 1200 volts are 
reported for this tube by Pace (12). 

Memory effects due to adsorption of water vapor are considerably more 
serious than for most other substances except H. However, a procedure 
suggested by Pace reduces the counting rate to normal background after a 
sample measurement, Between samples the tube is alternately evacuated 
and flushed with inactive water vapor eight times and followed by an air 


rinse and finally evacuation to 0.35 micron. 


I. Cl4 Gas Counter 
A successful ty ve of gas dounter for measuring C14 in the form of 
C05 has been developed by Miller (15). A conventional gamma G. M. tube is 
constructed of either metal or glass with a 0.006 inch diameter tungsten 
anode and, in the glass tubes, a chemically deposited silver cathode coated 
with aqua dag. Carbon dioxide containing the C14 is introduced at pressures 


from 10-50 cm Hg. Satisfactory G. M. characteristics are obtained by 
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the addition of 2 ém of CSs which provides a 200 volt plateau with a 2 per- 
cent slope. The threshold voltage varies from 1800 to 4500 depending upon 

the cathode diameter (1-4 cm) and the gas pressure. The optimum operating 

voltage was found to approximately 160 volts above threshold voltage, 

Two corrections must be made when these tubes are used for measurement 
of absolute disintegration rates, The first is the counting loss at high 
counting rates, 1.e., of the order of 10,000 cpm, which may be made from a 
calibration curve for each counter determined from samples of known relative 
activity. The second emperical correction is a geometrical factor resulting 
from the insensitive volume of the counter and defined as the ratio of the 


total counter volume Vo to the sensitive volume defined by the cathode Vj. 


The true activity, N of a sample in which N, cpm is observed, is then 
N = CNoV,/V,, where C isthe counting correction factor from the calibra- 


tion curve. 


Memory effect appears to be negligible for COg- 


J. Neutron Counters 
Counters intended for the direct detection of neutrons depend upon 
either the recoil of light nuclei from the filling gas,or on the charged 


particles emitted in nuclear interactions with the material of the counter 


wall or filling gas. The @oice between these two mechanisms and the 
~~ 
materials of the counter depend upon the energy range of the neutrons 
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to be detected. In most applications, neutron counters are operated in 


ere a 


the proportional region in order to reduce the less heavily ionizing back- 
ground of gamma and electron radiation. This is essential for measuring 


low-neutron flux since the efficiency for neutrons is usually small 


compared with that for incident charged particles. 
K. Slow Neutron Counters 


Slow neutrons are usually detected by interaction with B10 nuclei 
according to the reaction Bl0(n,a)Li7. The reaction is accompanied by the 
release of 2.5 mev of which 1.6 mev is contributed to the a particle and 
0.9 mev to the recoil lithium nucleus. If both particles are absorbed by 
the filling gas, roughly 75,000 ion pairs are formed, assuming an average 
energy loss of 53 ev per ion pair. Boron can be used in proportional coun- | 
ter either as the filling gas in the form of BFz (16) or as a thin ceating 
of metal on the cathode wall. | 

Boron triflouride filled counters are piisicivenindih similar to gamma 
counters » preferably with materials which do not have large thermal-neutron 
capture cross-sections, e.g., boron glass, and filled to a pressure of 10- 
760 mm Hg. The maximum pressure which can be used is limited by both the 
increase in the operating voltage and increased size of electron pulses, and 
the lowest pressure is determined by the neutron counting efficiency desired. . 

The efficiency of the counter, defined as the probability that a neu- 
tron traversing an average length 1 through the counter is captures, is | 


given by, (6), 
E = Irplo, 


p = pressure. 
L = Loschmidt's mumber. 


isotope concentration, B10/(B10 + Bll). 


r 


= cross section for neutron of velocity v. 


4 
i 
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The neutron capture cross section of Bll is negligible compared to 
BLO and does not contribute appreciably to the neutron count. Higher 
counting efficiency can, therefore, be attained by increasing the enhance- 
ment of BlO above its natural fractional concentration of 0.18 (17). The 
efficiency also varies with the neutron energy since owe. Within the 
experimental accuracy, the cross for energies between 0.01 and 10,000 ev 


is given by 


Neutron counters with boron coated cathodes are usually filled with 
standard argon-alcohol mixtures and operated at voltages within the propor- 


tional region for the particular counter. The thickness of the boron layer 


on the cathode should not be made greater than the range of the alpha particle 


ejected from a boron nucleus by a slow neutron, i.e., O.l1 mm. Greater 


thicknesses will not increase the efficiency, but rather,lead to excessive 


absorption of neutrons since a larger fraction of the ejected alpha particles 


will not reach the sensitive volume of the counter, The maximum efficiency 
of such counters is given by 
E a PX (6)- 
A 
= boron density. 
= Avogadro's number. é 


= atomic weight, 


alpha particle range in boron, 


a2 > 2% 
it 


= boron cross section for energy E, 
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In a similar way, a very thin layer of uranium may be used instead of 
boron, The fission products resulting from the absorption of slow neutrons 
produce heavy ionization but if most of their range lies within the uranium 
layer they cannot be distinguished from the alpha particles due to the natural 
uranium decay and must, therefore, be treated by the usual statistical method 
for background counts. The normal fractional concentration of the effective 


isotope, U°°5, is 0.71 and has a cross section * 550 for -025 ev neutrons. 
L. Fast Neutron Counters 


Detection of fast neutrons with proportional counters is accomplished 
most effectively by the recoil of light muclei from elastic collisions, The 


maximum energy transferred from the neutron to the struck nucleus is 


E 4 Eo 2S ee oe Om OP oe OS Oe 


(M + 1)2 


Ez 
NW 


mass of nucleus in units of neutron mass. 
E, = neutron energy. 


E = recoil energy of nucleus. 


and the average energy is approximately 


4M 
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If hydrogen is used for the filling gas, the maximum recoil proton energy, 
due to a head-on collision, is equal to the full neutron energy. 

: If the smallest detectable putas te produced by a recoil energy Bo, 
referred to as the bias energy, the lowest energy neutron which can be 


detected is B = Bo/E (18). For hydrogen, the cross section for neutron 
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energies above 0.050 mev varies as 1/EE, and therefore, the sensitivity of 


hydrogen filled counters varies approximately as 
= see 
Bre (1 Zz 


The sensitivity rises rapidly for neutrons with greater than the bias energy 
and then remains relatively constant in the energy interval 1.57B <E,< 9,6B. 
The existence of a threshold is an important property of the hydrogen-filled 
proportion counter, An alternative form of proton recoil counter employs 
thin hydrogenous radiators mounted within the counter tube (18, 19). Radia- | 
tors are frequently prepared by the evaporation of glycerol tristearate on 
thin platinum discs in a vacuum. Thickness is usually of the order of 100 
mg. per om”, The same characteristics are observed as for hydrogen filled 
counters provided the filling gas has a sufficiently high stopping power 

to stop all hydrogen recoils within the gas volume and does not itself 
recoil with greater than the bias energy. Heavy inert gases such as argon, 
krypton, zenon, etc., are the most satisfactory for this reason. 

The elastic scattering cross section of hydrogen and most other sub- 
stances for fast neutrons is of the order of one born; hence the efficiency 
of counters used in this energy range is necessarily low. In addition to 
counts from recoil nuclei, counts will be registered from competing neutrons 
processes occurring in the counter wall or in filling gases other than 
hydrogen, from which proton, deuteron, alpha particle, and gamma ray may be 
liberated. The cross sections for these interactions in nearly all substances 
is also of the order of one barn. Thus, if a BFs counter is used for de- 
tecting very fast neutrons, discharges are initiated by alpha particles from 


the reaction B(n,q@)Li as well as by recoil B and F nuclei. 
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M, Accuracy of Counting Measurement s 


An estimation of the accuracy of counting measurements on the activity 
of a sample is determined, for the most part, by simple statistical procedures. 
The statistical methods asréyed is based upon the fact that each disintegra- 
tion is a statistically independent event since it is in no way affected by 
a preceding event or the means by which it is detected. The distribution of | 
disintegrations in time and the fraction detected is then purely random. In 
a time, t, which is small compared to the half-life of the substance, the 
probability, P, of observing n particles is given by Poissons law for random 


distributions (20). 


where fi is the average number of particles detected per unit time. | 

Aside from the intrinsic form of the distribution of the data to be 
expected, the important facts concerning a set of measurements are estima- 
tions of reliability in terms of the variability of the data. Three measures 
of variability are commonly used for this purpose; average deviation from 
the mean, standard deviation from the mean, and the probable error, Of 
these, the probable error is used almost exclusively for estimating the sta- 


tistical error in counting measurements. 


N. Average deviation 


If f is the average number of counts per unit time for M measurements 
with the same sample under identical physical conditions, the average devia- 


tion from the mean value is 


A.D. = 
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This formula may be applied when counting by predetermined time intervals, 
f \ 

t 1? or by predetermined coumt number intervals, ny, or by arbitrary choice 

of both. 


O. Standard deviation. 
The standard deviation from the mean, o , is defined as the root mean 


square of the sum of the deviations from the mean: 


Also, from Poisson's formila, a more convenient form is generally used when 


a single measurement of N total counts is taken over a time t;: 


If several sets of measurements are taken, the resulting standard deviation 


is 
2 2 
cr = > nie 
i=! 
P 
| The error in any counting measurement must necessarily include the standard 


deviation of the background count, oq , a8 well as of the sample, 9% , 


o =,/o, + oF = /N, +Ns = /N 
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given by 


where N is the total number of counts; background plus sample. 


P. Probable Error. 


‘The probable error, r, is calculated from the standard deviation, o , 
or directly from the total number of counts of the sample plus background, 
N, and the total background count Ny, counted for the same length of time, 


The probable error in counts is 
r = 0.6745 ov = 0.6745 Nth, 


In. terms of percent: 


7 N+ Np 
(N - Np) 
‘It defines limits, + r, about the mean value, N, within which the real 
value of the activity Sais pana with ea probability of .5,and with an 
equal probability for all values outside these limits. 

When the approximate values of the gample and background counting 
rates are know, it is frequently more convenient to count samples by 
tine intervals rather than by total events. When the sample plus back- 
ground and the background are counted separately to give the same relative 
probable error, the minimum time required to reduce the total statistical 


error of the sample measurement to a prescribed percentage, r, is given by 


A Ba 


r (N = fi,,)* 


and for the background, the minimum counting time should be 
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". ae 


N 


average counting rate of sample plus. background. 

N, = average counting rate of background. 
The true value of N - Ny, is then calculated with the prescribed accuracy from 
the total counts N in the time t and background counts N;, in the time th 
When possible, lead shielding should be used to reduce the magnitude of 


the background counting rate and hence the required counting time, 


« High Counting Rate Losses 

Significant errors are introduced into measurements involving counting 
rates over several thousand per minute. Such errors arise from the finite 
resolving time of the counting tube fe 17 sec.) and possibly from the re- 
solving times of the amplifier, scaling circuit and recording meter if 
any of these is larger than that of the counting tube. Complete calcula- 
tions of the corrections eek a sould be avplied are difficult and usually 
unnecessary since the recovery time of the G. M. tube is generally not 
known more accurately than 10 percent. Several elementary corrections can 
be made, however, when an accuracy of the order of a few percent is antici- 
pated for counting rates of several Sieuias per minute, | 

The simplest procedure is the construction of a calibration curve 
for a particular tube and its associated circuits. Standards of known 
relative strength with identical dimensions and self-absorption will 
provide a correction curve by plotting the relative source activity against 
the observed counting rate. 
: Calculations of the counting loss may be made under the simplified 


. 
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conditions given below. 

a. The recovery time of the G, M. tube, T. sec, is greater than any 
other component of the counting circuit, i.e., amplifier, scaling circuit 
or recording meter. The recovery times of these components will then not 
influence the counting rate. Ifn particles are counted in a time, t sec., 


the number pf particles, nj, which actually passed through the sensitive 


region of the tube is given by the approximate formula 


n 
1 - n(T/t) 


This formla may be used when the average number of incident particles in 
the time T is less than l, or t/n<T (21, 22, 23). 

Ds The recovery time, Tg, of some component of the counting system 
is greater than the recovery time of the G. M. tube. Both recovery times 
then contribute to the counting loss. An exact calculation of the error 


is impracticable but the upper limit to be expected is given by 


It is assumed in the application of this formla, that the resolving 


time of each component of the electrical circuit and recorder is constant 


and, in particular, independent of pulses which may arrive from the G. M. 


tube during the time the circuit is recovering from a preceding pulse. 


In certain types of circuits phis assumption is not valid. The occurrence 
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j 
7 
. 
: 
‘ 
a 


aN 
ie 


of a pulse during recovery will, in this instance, further extend the 
recovery by an internal equal to the resolving time of that component. 
When this mechanism effects the counting, the relation between the true 


and the observed counts, Np and n respectively, in a time t is 


n= noet/* 


At very high counting rates, i.e., n, > i the counting circuit becomes 
effectively blocked and n-» 0, At low counting rates, nj<< Ae the dif- 
ference between this and the preceding formula is negligible. However, if 
Ty < T, this mechanism does not affect eae counting rate and formula in 


section @ should be used. 


R, Counter Resolving Time 


The shortest interval in which two successive particles can produce 
separate discharges in a G. M. tube is variously knovn at the recovery time, 
dead time, or insensitive time. For most counting tubes the recovery tire 
is of the order of 107* seconds or approximately the collection time of the 
positive ions formed in the discharge. A standard procedure for the determi- 
nation of the response time is based on an estimate of the observed counting 
loss when counting two sources of nearly equal counting rate separately and 


together. The resolving time is given by 


njt+nen 
T= (21,1 32 5312) t 


Nyy (ny + np) 


total recorded counts of sample 1 in time, t sec's, 


ae 


ng = total recorded counts of sample 2 in time, t sec's, 
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Dio = total recorded counts of sample 1 82 . time, t sec's,. 

The counting time should be sufficiently long to provide a small 
probable error since the recovery time is estimated from small differences 
of large numbers. The resolving time calculated by this procedure is the 
true time for the G. M. tube only if the recovery time of each of the other 
components of the counting circuit is smaller. If any component has a longer 
1? the measured value is a function of both T and T, and the value 
calculated i8 somewhat greater than the true resolving time of the G. M. 


time, T 


tube. 


S. Coincidence Counting Corrections 


l. Accidental Coincidence Counts 
As in the case of single counters, coincidence counting measurements must 
be corrected for background, in this case, only of accidental coincidence 


counts. Such counts may be produced by the simultaneous arrival of several 


“related particles as in cosmic ray showers or by the chance arrival of two 


independent particles in a time of the order eT due to a high radiation 
level such as exists near high energy accelerators. The number of accidental 
counts per second to be expected from a two fold coincidence arrangement is 


my S 2 Ne&l 


By» Rp = average counts per second independently from counters 1 and 2, 


recovery time of counters in seconds, 


c 
For an r-fold coincidence arrangement, assuming the recovery times are equal, 


the accidental counting rate is 


a5 2” 1 (nye ooo + Bh) 
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If the resolving times are different for each of the counters of an 


r-fold coincidence set (24); 


1 1 1 
ms nye © ee nits eee 21 tT, To eee T ) 
Eg 


If the radiation density is nok high, the accidental rate can be 
determined by dispersing the counters and counting the coincidences, Alter- 
natively, the accidental rate can be made negligibly small by increasing the 
multiplicity of the system and by reducing the counter recovery time. 
Accidentals may be further reduced by the proper use of anti-coincidence 
counters; however, their use decreases the counting efficiency because of 
the finite recovery time. 

2. Counting efficiency. 

Aside from the counting loss due to the finite recovery time, not 
all evenness traversing a counter will produce discharges. The efficiency 
of a counter to respond to incident particles can be determined with a 
three or higher-fold coincident arrangement by counting coincidences with 


and without the counter as a part of the system. The counter efficiency 


is then given by , 


Nr - m,, 


eget Fee 


N. = total counts in time t (or counting rate) of r-fold 
coincidence arrangement, i.e., with tested counter 


included. 


1 
a 


same but with tested counter removed, 
: m = accidental counts in time t (or counting rate) for r-fold 


coincidence arrangement. 


a 


Sa 


ESS 


ener 


7 a 


m. 1 = accidental counts without tested counter. 
With the efficiency of each counter kmown, the total efficiency of 
an r-fold coincidence arrangment is 


E = EEFo...- & 
t af r 


Tt. Counting Rate Meter 


The counting rate meter is a circuit developed for the purpose of provi-e 
ding an output, usually a d.c. voltage, which is proportional to the average 
rate of incidence of random or periodic pulses (25, 26, 27, 28). <A success- 
ful counting rate meter circuit is shown in figure. 102, and described in 
principle below (29, 30). 

Amplified pulses from a counter are fed into a conventional multivibra- 
tor which serves as a pulse equalizer by providing an output pulses uniform 
in size and shape and positive in polarity for each input pulse. The equalizeé 
pulses are then impressed on the grid of the vacuum tube of the integrating 
circuit which contains a resistive-capacitive tank circuit in series with 
its plate. The d.c,voltage developed across the RC circuit is found to be 
proportional to the average pulse rate and, hence, a vacuum tube voltmeter 
included in the circuit may be calibrated directly in terms of average 
counting rate, Alternatively, automatic recording devices can be inserted 
when continuous records are desirable, 

In principle, the integrating circuit establishes an equilibrium voltage 
across the RC tank circuit directly proportional to the counting rate and in 
a time which is long compared to the interval between counts. Equilibrium is 


reached when the charge leakage rate through a high resistance across a con- 


ie 156 


denser is equal to the rate of charge added by the pulses. In general, 
equilibrium is reached after several RC, or starting from zero time, it 


is given by (6) 


t. = RC(t log 2nRC + 0.394) | 


n = pulses per unit time, 


The statistics of this type of counting rate meter depends on the fact 
that the reading at any instant is influenced by all previous pulses weighted 
exponentially according to their elapsed time, The probable error of a 


single reading is given by (6) 


P, = 0.6745 (2n Ro) 72 


or in terms of percentage 


P 
y 100 — 
:e* a 
If a continuous record is made, the probable error may be considerably re- 
duced. From a record taken continuously over a time, T, the value of n 
is determined by drawing a line through the trace which divides the fluctua- 
tions into equal areas on both sides. The probable error in percent is then, 
(6), 


100 w (1+ 2r/Rrc)® 


a ty: 2.3 n (1+ T/RC) 


w = 3width of ink recorded trace. 
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Fig. 97 — COUNTER 


COUNTING RATE 


VOLTAGE 


A. PURE METHANE 
B. 1.5 cm. ARGON ADDED 
C. 1.5 cm. HegO ADDED 


Fig. 98 
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CHARACTERISTICS 


STEVER, H.G., PHYS. REV., 61, 38 (1942) 


PULSE 


COUNTING RATE 


VOLTAGE 


A. PURE METHANE 
 ~=B. 15 mm. AIR ADDED 
C. 6.0mm. AIR ADDED 


EFFECTS OF GASES ON G-M PLATEAU 


.KORFF, S.A. @ PRESENT, R.D., PHYS. REV., 65, 274 (1944) 
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BELL COUNTER. WIRE ANODE, THIN MICA WINDOW, AND CHEMICALLY DEPOSITED 
SILVER CATHODE. (BETA PARTICLES) 

POINT COUNTER. BALL ANODE, THIN MICA WINDOW, AND ALTERNATIVE INSERTED 
COPPER CYLINDER CATHODE. (BETA PARTICLES) 

THIN GLASS WINDOW COUNTER. (BETA PARTICLES) 

IMMERSION COUNTER. THIN GLASS WALL, DEPOSITED SILVER CATHODE. SHOWN 
IMMERSED IN SAMPLE LIQUID. (BETA PARTICLES) 

CYLINDRICAL COUNTER. THIN GLASS WALL AND DEPOSITED SILVER CATHODE FOR 
BETA PARTICLES. HEAVY WALL AND COPPER MESH CATHODE FOR GAMMA RAYS. 


Fig. 100 TYPICAL COUNTER TUBE DESIGNS 
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- Fig. 101 METAL COUNTING TUBE DESIGNS 
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A. CYLINDRICAL BRASS OR COPPER TUBE COUNTER USING KOVAR 

SEALS (COSMIC RAYS, GAMMA RAYS, NEUTRONS) 

B. COPPER “BELL” COUNTER WITH KOVAR SEAL PUMP OUT AND LEAD 
(GAMMA RAYS, NEUTRONS) 

C. ARRANGEMENT OF RADIATOR IN NEUTRON COUNTER. HYDROGENOUS 
LAYER COATED ON THIN PLATINUM PLATE. 


5669 D. BELL COUNTER WITH MICA WINDOW AND WITH MOUNTING FOR 
STANDARD SAMPLE POSITION ie PARTICLES } 
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Pulse 

= B+ 
RESISTANCE CIRCUIT 
R10" -10° ohms ; 
CG Approximately 2 ypf, insulated for 

high voltage 
» + 2000 V. 
Gounter Tube 


a 
2) 


— : 
ie : 
R 
i 


et Pulse 


HV. + 


C- 


Fig. 103 


GC, 


NEHER-HARPER CIRCUIT 
Neher, H.V., & Harper, W.W., 
Phys. Rev., 49, 940 (1936) 
R, 108-107 ohms 
Rp ~ 10° ohms 
C ~ 10 ppf 


+ 150 V. 


Pulse 


Imeg., 0.5 w. Rio 5 meg. 

10 K R,, 20K 

Imeg., | w. C, SOppf, 3 kv 
240 K Co 250 ppf 

5 meg Cz ‘100 ppf 

10 K Vv, 6SAKS 

20 K Vo 6J6 

1.1 meg. Vz, 6J6 

56 K 


MULTIVIBRATOR CIRCUIT 


Getting, J.A., Phys. Rev., 53, 103 (1936) 
Ruork, A., Phys. Rev., 53, 316 (1936) 


COUNTER QUENCHING CIRCUITS 
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: Cc ex: R, . 9 OUTPUT ) 
V3 | 
; INPUT © | 
From amplifier or 
preceding trigger circuit 


ey C- 6 a 


SCALE -OF-TWO TRIGGER CIRCUIT 
SCALES OF 4, 8, 16, 32, OR 64 ARE OBTAINED BY ADDING IDENTICAL UNITS IN SERIES. 


R,; ~ 400K — V3 6C5, USED AS A CLIPPER TO PREVENT 
Re 40K OR MORE TO PROVIDE HIGH GRID BIAS. PASSAGE OF NEGATIVE PULSES. 

c ~ 40 ppt. OTHER GIRCUIT CONSTANTS DEPEND ON THE 
V, 6N7,6SL7 OR PAIRS OF SINGLE TRIODES. TYPE OF TUBE. 


Vo NEON INTERPOLATING TUBE 


Lifschulz, H., & Lawson, JL., Rev. Sci.inst., 9, 83 (1938) 
Eccles, W.H., & Jordan, Radic Rev., |, 854 (1919) 


OUTPUT 


INPUT G 
POS. INPUT 
’ PULSE NEGATIVE 
PULSE 
Ri 
. B+ C- Py 
THYRATRON SCALE-OF-TWO CIRCUIT MULTIVIBRATOR RECORDING CIRCUIT 
HIGHER SCALING FACTORS CAN BE OBTAINED R, i Re 5K. 
WITH ADDITIONAL STAGES ARRANGED IN SERIES. Ro . C; 0.0001 pf, 400V. 
a oe a ee. crea Ry OSmeg Ve edz 606 
Re 20K V_ THYRATRON (eg 884) Rs 10K. Ve Power amplifier, 6V6, 6F6, 6LE 


Wynn-Witioms, C.E., Proc.Roy. Soc., AI36, 312 (i932) 


ie 


Re 
Rs 
Bt Bt 
: THYRATRON RECORDING CIRCUIT 
TWO RECORDER ARRANGEMENTS ARE SHOWN BY BROKEN LINES. 
R, 0.5 meg. Re 0.2 meg. Co I-4 of. 
Re Ol meg. Rs 10 K. V; TRIODE, 6C5 
Rz O5S meg. CG, 0.001 pf. Ve THYRATRON, 884 
Fig. 104 
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ROSS! COINCIDENCE CIRCUIT AND DISCRIMINATOR 


3-FOLD COINCIDENCE SHOWN. N-FOLD CIRCUIT CONTAINS N 

IDENTICAL UNITS IN PARALLEL. ALL CIRCUIT CONSTANTS AS 
RECOMMENDED BY MANUFACTURER. RESISTANCE R ADJUSTED 
TO GIVE CORRECT TOTAL PLATE CURRENT. C- ADJUSTED TO 
PASS PULSES ONLY FROM N-FOLD COINCIDENCES. 


Rossi, B., Zeit. f. Physik, 68, 64 (193!) 


- © 
ADJUSTABLE N-FOLD COINCIDENCE CIRCUIT 


ADJUSTMENT OF THE GRID BIAS VOLTAGE —— 
BY R DETERMINES THE MINIMUM NUMBER 
OF COUNTER DISCHARGES REQUIRED TO 
REGISTER A COINCIDENCE. COUNT. 


Ramsey, W.E., Phys. Rev., 57, 1061 (i940) 
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DIODE COINCIDENCE CIRCUITS 


3 Howland, et ol., Rev. Sci. Inst., 18, 55! (1947) 


ee 


Fig.3i05 
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OUTPUT 


DIODE MIXING CIRCUIT 


Howland, ef o/, Rev. Sci.inst., 18, 551 (1947) 


OUTPUT ~ 
f 


ANTI-COINCIDENCE CIRCUIT 


Herzog, G., Rev. Sci.inst, Il, 84 (1940) 


OUTPUT 


INPUT 
’ POSITIVE PULSE 


POSITIVE PULSE 
NEGATIVE PULSE 


+ 


DIODE ANTI-COINCIDENCE CIRCUIT 


Howland, B., Schroeder, C.A., & Shipman, J.0., Rev. Sci.inst., 18, 55! (1947) 
Fig. 106 
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19. PROPORTIONAL COUNTERS 


A. General Features and Use 


The proportional counter is a variable gas-amplifying diode, and in 
general, similar to G. M. discharge tubes in construction and materials, 
The particular usefulness of this form of counter derives from the nearly 
linear relation between the pulse size provided by the counter and the total 
ionization produced initially in the counter by a charged particle. With 
appropriate electronic circuits, it is possible to discriminate between kinds 
of particles transversing the counter, and frequently, between similar heavy 
particles of different energies. Thus, in decreasing order of magnitude, 
definite pulse size for a particular counter can be associated with fission 
fragments, alpha particles, protons, electrons, and gamma photons. The 
property of discrimination can be used to advantage for reducing the observed © 
background from light particles and gamma radiation when low intensities of 
heavily ionizing particles are measured, by adjusting the counting circuit 
to amplify and register only pulses larger than a predetermined size. 

The design of proportional counters depends upon the radiation to be 
measured, For most applications, three forms are commonly used: 


1. “Bell” shaped counters with tungsten wire anodes and with thin 
windows for detecting Pp, and o& radiations (see figure 100. 
2, Cyelindrical glass or metal tubes with coaxial tungsten wire 


anodes (see figured for 6,7, n,radiations. 

3. Point counters (1), similar to "bell" counters but with a spheri- 
cal metal anode 1-2 mm in diameter supported near the counter window. The 
sensitive region of these counters lies only a small volume surrounding 


the ball anode, A fourth type developed by Zipprich, (2) consisting of two 
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parallel plate electrodes and an accelerating grid placed between the plates, 
is less often used but possesses the advantage of a well defined sensitive 
region. 

Filling gases for proportional counters need not contain polyatomic or 
quenching gases although the inclusion of such gases provide greater sta- 
bility, particularly for large pulses, The gases most frequently used are, 
a mixture of argon, 10-25%, and methane, 75-90%, and various mixtures of 
nitrogen, methane, ethane, and ether, Pressures commonly used vary from a 
few centimeters to half an atmosphere, 

The operating voltage for a proportional counter is determined by 
plotting the counting rate against anode voltage. As shown in figure 99, 
the region for proportional pulse size lies between the starting voltage, 

Was at which the first counts are detected and the beginning of the transi- 


tion to the Geiger-Muller region, Vp. For neutron counters, see Section J. 


B. Theory of Operation 
When certain simplifying assumptions are made which appear to be valid 


for most proportion counters, the formation of a voltage pulse proportional 
to the initial number of ion pairs is aAauately explained in terms of a 
Townsend avalanche (3, 4, 5). It is assumed that, a, the probability of 
electron photoemission is negligibly small. 

be probability for secondary electron emission by positive ions 
collected at the cathode is negligibly small. 

GC. negative ions (0, F™, Cl”, a ae not sufficiently numerous to 
produce an appreciable lag in the counter action. 

d. recombination of positive ions and electrons within the gas is 


negligible. 
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From the, N, initial ion pairs produced by an incident charge particle, 
the electrons are collected at the anode in a time of the order of a few 
microseconds while the positive ions remain essentially stationary during 
this time. Within a distance of several mean free paths from the anode 
electrons acquire sufficient energy between collisions in the stronger field 
to produce additional ion pairs and, hence, a Townsend avalanche. The ava- 
lanche at this point differs from the Geiger-Muller counter discharge in that 
the descendents of a dngte electron multiply to a smaller and, on the average, 
a constant number which is a function of the operating voltage. The factor by 
which an electron miltiplies itself in the avalanche, called the amplifica- 
tion, A, may have a value up to a maximum of 104 although generally is is of 
the order of 10° or less. Within the range from 1 to 104%, its value can be 
chosen arbitrarily by the proper choice of operating voltage; a factor per= 
mitting some control over the pulse size which may be desired. When the pe 
fication factor increases beyond 105 or 10-4, due to a high operating voltage, 
the pulse size is no longer proportional due to the appearance of some of the 
characteristics associated with the Geiger=Muller discharge. Following the 
Townsend avalanche, the residual positive ion cloud drifts slowly to the 
cathode. However, during the dead time of roughly 1074 seconds, it still 
exists as a space charge sufficiently near the anode to reduce the effective 
electric field oS tine prevent a second avalanche which might be initiated 
by a charged particle arriving within this time, 

The total charge collected by the anode is approximately Q = eAN,’ 
where e is the electron charge. With a total capacity of C for the counter 


and its immediately connected circuit, the peak pulse voltage is then 


eANo 
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®0. STANDARDIZATION OF RADIOACTIVE SAMPLES 


A. Introduction 


The knowledge of the absolute intensity of radioactive samples is de- 
sirable for the uniformity and standardization of measurements and is highly 
important in dosage determinations. In this chapter, the most commonly 
used standardization methods for sources of alpha, beta, and gamma radiations 
will be described. 

The methods and units of absolute standardization are not yet developed 
to an entirely satisfactory stage and the agreement between measurements made 
in different laboratories is not quite perfect. Efforts toward unification, 
however, have been undertaken by the National Research Council which recently 
established a committee on radioactivity to recommend standardization proce- 


dures and units in the United States, 


B. Units of Radioactivity 


Conventionally, the unit of radioactive strength or quantity of a 
source is the curie. One curie corresponds to the quantity of the radioiso=- 
tope which decays at the rate of 5.7 x 1010 disintegrations per second (one 
millicurie, 1 mc, = 3.7 x 10’ dis. per second; one microcure, 1 uc, = out &. 
10 dis. per sec.), Historically, the curie unit was originally used as a 
measure of the quantity of Radon gas (0.652.mm° at 0° C and 760 mm Hg) in 
radioactive equilibrium with 1 gm of radium. Thus, the number of alpha par= 
ticles emitted per second by 1 gm of. Ra 226 is the same as for Rn 222 which, 
according to the most recent determination, is 5,61 x 1019 + 0,03 per second 
per gm. Later, this definition of the curie was extended, first to quantities 


of other naturally radioactive decay products of radium beside radon, and 
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finally by general ieeges to quantities of all radioactive isotopes. there 
is thus a discrepancy between the number of disintegrations of one curie of 
radon and the number of disintegrations adopted generally for one curie of 
any radioisotope. 3 

It is not essential to use a unit of the magnitude of a curie to denote 
the quantity of a badeonotiVe isotope since this quantity can often be ex= 
pressed in terms of the absolute number of disintegrations per unit time for 
each sample. To avoid tne ambiguities that arise in using the curie in two 
different senses, Curtis and Condon recently proposed a new unit, the Ruther- 
ford, which is the quantity of a radioisotope decaying at the rate of 10& 
disintegrations per second. This unit has certain merits in that it allows 
the use of the curie for the purpose originally designated; namely, to denote 
quantities of the radium decay products, and it is the most useful order of 
magnitude for tracer quantities. So far, however, the Rutherford unit has 

not found general acceptance. 

In the following we shall make use of the curie (c, mc., and pe) unit 
in the sense defined at the beginning of this paragraph. In order to avoid 
ambiguity it should be mentioned that the rate of disintegration will be re- 
garded as the number parent nuclei changing into daughter nuclei per unit 
time and not necessarily the number of particles emitted. In a radioactive 


isotope with a complex disintegration scheme where'more than one particle or 


gamma ray is emitted, it is essential to know the decay scheme, the energies 
and percer.tages of each radiation. For example, in Na 24 (see: Decay Schemes) 
each emitted beta ray is followed very rapidly by 2 “coincident” y-rays and 
though the rate of disintegration is the same as the rate of emission of beta 
rays, Ng = Ny} = Nyos the total number of emitted rays per Na 24 disintegra- 


_ tion is 5. 
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C. General Methods 


In most measurements, one is interested in the specific activity or the 
quantity of radioactive isotope per gram of sample nibenaden expressed in 
wadviien per gm. If the entire quantity, i.e., every atom, of a particular 
henna in the sample is radioactive, we speak of a carrier-free (CF) sample, 


The rate of disintegrations, R per sec., is related to the number of parent 


atoms, N., and in a carrier-free isotope by: 


R=AN 


where A is the dacay constant. It is, therefore, necessary to evaluate both 


A and WN to calculate R. This is possible in the preparation of standards 
by the suitable choice of the radioactive isotope. The number N can be 
determined either gravimetrically as is done in the preparation of some 
primary standards of uranium or it can be obtained by mass spectrographic 
deposition of a known amount-of C.F, isotope. The second method has a been 
used so far for standardization purposes; however, it has been used for half-= 


life determinations from which A can be obtained. 


Dd. Primary Alpha Particle Standards 


Simultaneous knowledge of the weight and disintegrations rate is pos- 
sible for two of the long life natural alpha particle emitters: Uranium, and 
Radium 226, It is possible to take weighed amounts of these substances and 
count all alpha particles emitted from them in an alpha particle ionization 


chamber, Since the vast majority of alpha particles follow straight trajeo- 


_tories, have a well-defined range, and produce relatively large specific 


ionization,under certain conditions each particle crossing the sensitive 


volume of the chamber may be recorded, and corrections for absorption or 
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geometry can seankig be made to determine the eatiie number of particles 
emitted (1). By this technique, Kovarik and Adams (2) showed that 1 gm 

of uranium emits a total of 2,501 x 10 alpha particles per second. Knowing 
the isotopic constitution of uranium, due to the work of A. 0. Nier (3), the 
disintegration rate and half-life of each of its three isotopes can be deter=-. 
mined as shown in Table I, The isotope best suited to alpha particle stan= 


dards is UI, 


Table 17 


DISINTEGRATION RATE OF THE NATURALLY OCCURRING URANIUM ISOTOPES 


Name -— Mass Abundance -Disint. per sec. Half-life 

UL 283 99.274 (5) 1.223 x 104 / 4.51 x 109 y (5) 
AcU 235 O71 ¢ 6°15) 0.055 x 104 7.07 x 108 y (5) 
UII 234 0.00518 (5) 1.223 x 104 2.85 x 108 y (5) 


25,01 x 10* (2) 


Determinations of the number of disintegrations from 1 gm of radiun, 
are in good agreement among early workers, One of the best methods used for 
determining the quantity of _ is to measure the radon in radioactive 
equilibrium with it. The International Radium Standard Commission (4) recom- 
mended the value 3.7 x 101° disintegrations per gm of Ra per sec. This is 
an average of the result of several investigators. Recently, however, Kohlman 
obtained a new value of 3.61 x 1019 g=1 sec-l, . some methods of beta and | 
_ gamma ray standardization go back to the well established alpha particle stan- 
dard. Both the new values for radium and for UI given are believed to be 


correct to about 1%, 
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E. Beta Particle Standards 


This presents, technically, a more difficult problem than that of alpha 
particle standardization due mainly to scattering effects and absorption 
characteristics of beta particles. One seeks easy standardization methods 
for beta particles with energies ranging from 0.015 mev to 35 mev corresponding 
to the range encountered with most radioisotopes, 

Even though it has been established that better than 99 per cent of all 
beta particles that reach the sensitive volume of good ¢ounters give rise to 
a pulse ielge be counted, certain precautions are necessary in determining 
the fraction of the total particles from the sample which do reach the sensi- 
tive volume, This involves mainly geometrical efficiency and absorption 
corrections, 

Several independent methods are available for preparing beta samples of 
standard intensity which, together with procedures for comparing one ee 


emitter to, another, are described below, 
F. The Uranium Standard 


When the beta emitters, UI, UX1, UX2, UZ have reached radiative equili- 


brium (see figure 107), then 
Ny Ay = No A> = KN, A 3=Nq Ag = 1.225 x 10* disint. per sec. per gm U, 


Ny, Ng, Nz, Na, and Ay, Ag, Az, A gare the number of 
atoms and the disintegration constants respectively of UI, UX, 


UXg, and UZ. 


The level scheme of the beta and gamma radiations is not entirely satisfactorily 
explored as yet, but a recent one proposed by Bradt and Scherrer (6) is shown 


in Figure !07, The beta radiations of UXp represent 99.85 per cent of all dis- 


integrations of UX2, the rest, 0.15 per cent, being gamma ray that produces 
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UZ. Further, 98 per cent of UX, beta particles are of 2.32 mev maximum energy, 
while 2 per cent consists of one or more beta particles of 1.5 mev in bln } 
cidence with the gamma rays. If a known amount of uranium is deposited on 

a foil and allowed to equilibrate with UX, and UX,, a combined a-P standard 
source can be obtained. The alpha particles of UI and UII and the beta 
particles of UX have to be absorbed if the UX, beta emission is to be used 

for standardization purposes. This is readily done with 25 mg. per om 
aluminum foil which absorbs all alpha and UX, particles but only about 5% 

of the UX, beta particles. 

A convenient method for making a uniform deposit of uranium on a foil 
is to prepare a colloidal suspension of U30,. Pure U,0g mixed in water is 
ground in a stainless steel quartz ball mill for twelve hours and the water 
then allowed to evaporate. The material is taken up by suspending agent wuch 
as chloroform or ethyl alcohol and centrifuged to precipitate the coarse 
particles. The remaining colloidal suspension is then evaporated in’a stan- 
dard hohder by the radiant heat from a general electric heat lamp. The 


amount of material deposited is determined by weighing the aluminum foil 


before and after deposition, 


G. Rad and Rak Standards 


In aged rocks with uranium content, the radium and its decay products 

are in equilibrium and the radium content of these rocks may be determined, 
for example, from the Ra Em producing power. Knowing the radium content, the 

quantity of RaD can also be calculated and, along with other lead isotopes, 
separated quantitatively from the rock sample. Given time, equilibrium will 

be reached between the RaD and its daughter substance Rak. The radiations 


emitted by this sample are then as follows: 
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Table 18 . RADIATIONS FROM RaD, RaE, Po 


Element a mev B mev Y mev = 
i ee 
ReaD 210 H 0.025 0.047 22 years 
RaE 210 as Li7 - 5.0 days 
Po 210 5.298 - - 140 days 


The number of disintegrations from RaD and RaE being known, one may use such 
a sample for peray standardization by absorbing the radiations of RaD, and Po 
210. This may be done with an Al absorber of 10 mg per cm2, Samples of this 
type have been recently prepared with the M. I. T. group and by the Bureau 

of Standards*, On comparing a Uranium and a RaD + RaE beta particle standard 
by means of G, M. counters, corrections have to be made for the differences 
in absorption in the counter wall and in scattering of the 1.17 mev and 2,32 
mev beta particles. Similarly these corrections will have to be made with all 
other beta emitters. Before describing such corrections, a third independent 
method is presented for preparation of beta particle standards. This method 


also determines the beta and gamma ray efficiencies of Geiger-Mueller counters. 
H, The Coincidence Method 


Rossi was the first to use the coincidence counting metnod. By means 
of his electronic circuit it is possible to record the simltaneous occurrence 
of pulses generated in G. M. counters with a resolution of 10°? seconds, The 


beta particles in a number of radioactive substances are followed within a 


* The Tracerlab, Inc., Boston, makes standard samples commercially. 
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short time interval by one or more gamma rays. It hae bees shown that in 
some radioactive substances the direction of the beta particle and of the 
gamma rays in coincidence are independent of each other, and it is assumed 
that this is also true for all Bey emitters. Coincidence counting may be 
used as an aid to study level schemes. In radioactive isotopes where the 
level scheme is known one may use the coincidence method with Bey coincidences 
to determine either the absolute number of disintegrations or the efficiency 
of beta and gamma counters. Both the unknown disintegration rate, N, and the 
efficiencies eg and ey of the beta and gamma counters can be determined from 


the expressions given below. 


im ang 
a a 

C 

— re] = wae 

Ne ney N a 


B = corrected § particle counting rate. 
G = corrected gamma counting rate. 


C = corrected coincidence counting rate. 


This method has. already found application in the preparation of beta standards 
by the use of Co 60 which may be prepared and effectively standardized as a 
primary standard by the coincidence procedure. This isotope has advantages as 
a standard because of its relatively long life (5.3 years), its low energy 
(Emax = 0.3 mev), simple beta spectrum, its permanency in preparations, (e.g., 
it may be electroplated on standard sample disces and the additional fact 
that, due to its two gamma rays, it may also be used for primary gemma radia- 
tion standard. 
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I. Gamma Standards 


Gamma ray standards may be used for standardization of gamma ray and 
also for beta particle disintegration rates if the beta-gamma level scheme 
is entirely known, Primary standards usually are made of radium in equili- 
brium with its decay products and more recently of Co 60, the same isotope 
used for beta particle standards, The ionization measured in a standard 


dose meter from these sources is 


1 curie Ra = 0,84 + 0,02 rhm (0.5 mm Pt shield) 


1 curie Co®° = 1.30 rim 


The following table gives the ionization in air as a function of the gamma 


ray energy and the distance from the source for various gamma ray energies (7). 


Table 19. | IONIZATION BY GAMMA SOURCES OF DIFFERENT ENERGY 

vy energy Ionization mrh 

; mev 1 cm 1 foot 5 feet 

0.5 2,900 3.1 od 
0.8 4,600 2.8 eg 
1.0 5,600 6.0 22.5 
1.5 7,600 al .3 
1.8 7,800 8.8 03.1 
2.0 9,300 9.9 tie ioe 
2.5 10,400 1 43 
3.0 11,700 12.5 .48 
4,0 14,000 14,0 58 
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Many known isotopes have more than one gamma ray so that the following 
table, made up from data furnished by Sullivan (8) is also useful for deter- a 
mination of gamma ray intensity. 


Table «<0. SOURCE STRENGTH OF VARIOUS ISOTOPES 


ore y mev mr h/n 

Ne 22 18 3339.60 
1.38 

Na 24 stun 1.92 

Mn 52 1.0 1.93 

is 8 54 see se 0. 485 
ana 

Fe 59 ne 0.651 

Co 58 0.83 0.560 
oye! | 

Co 60 ie 1.50 
0.51 

Zn 65 0. 45 0.30 
1.14 
0.55 

Br 82 0.79 1.50 
1.35 

7 i128 ere 0.018 
0.6 

7 150 es 1.25 

0.08 

aes - 0.26 

0.37 


In measurements of sample intensity by econ of gamma ray ionization, 
one should exercise great care in keeping a standard geometry (distance of 
semples to ion chumber, amount of absorber and scatterer present), The qua- 
lity of gamma rays changes appreciably by absorption or scattering (see: Gamma 


Rays) and the ratio of gamma ionization of two different energy gamma rays 
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changes correspondingly, 


J. Geometrical Efficiency ses 


, 


Much of the beta particle standardization work is carried out using 
bell-jar type Geiger Muller counters with thin mica windows, For these, and 
also for other kinds of counters, appropriate calculations may be carried out 
expressing their counting efficiency so far as solid angle is concerned, 
Diagram l0Sshows a convenient arrangement to determine the efficiency of such 
counters, The counter is assumed to have a "sensitive volume” that may be 

‘ approximated by the cylindrical volume limited by the counter wall and which 

begins at a usually unknown distance "b" (see diagram) behind the window. 

If the filling gas has proper characteristics, each particle oe rise to a 

discharge and is counted provided one portion of its path goes through the 

sensitive volume. The fraction of the total number of beta particles that go 
through the sensitive volume from a point source placed at a known distance 
from the Sanh window along the centerline of the counter may be determined | 
by @ simple formula, provided one neglects the absorption of the particles in 


the counter window and airspace, and the scattering from the sample support: 


@ = 0.5 (1 = cos a) 


@ is often called the geometrical efficiency 


r 
tenads rag ty 2 


Here b is still not known and one simple way to determine x as to measure a 
sample with a known disintegration rate and relatively high energy beta rays 
(P 32 or UX 2 is suitable) on several shelves. In counters with 1" - 1-1/2" 
wall diameter the distance of the sensitive volume from the window is usually 


«4 to .8 cm. 
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In order to compare.the counting rates of a radioactive point source of 
negligible thickness placed at different distances from the window, or of two 
different isotopes, two corrections have to be made: a, absorption correction 
for the rays absorbed in the counter window and the air between the paige’ unt 
window; b, back scattering correction for the increase in the counting rate 
due to the sample support. These corrections have to be applied after the 
customary adjustment in the counting rate is made due to: c, missed counts. 
during the insensitive periods of the counters; d, background; e, subtraction 
of the counting rate of gamma rays, if any, are emitted from the source, 

A customary way to account for absorption in the counter window is to 
measure the counting rate with no absorber, than with mica or Al absorbers 
of varying thicknesses placed between the sample and counter window. For 
ood results, the absorbers should be quite close to the counter window, The 
absorption curve thus obtained may be extrapolated, knowing the window-thick- 
ness, ne "“gero absorber", This method is also satisfactory for correcting the 
air absorption if the sample is placed quite close to the basin: 

In measuring the absorption of beta particles from a point source with 
a Geiger-Muller counter, one should bear in mind that, due to the isotropic 
distribution of the beta particles in all directions of space, most of them 
will cross the absorber and the counter window at oblique angles. The ef- 
fective thickness of the absorbers thus will not be t, the measured thickness, 
but a somewhat greater value when the “obliquity” correction is applied. 


The effective thickness is given by 


- +t Incosa _°- t In cos a 


t — BOM Oe —_ Ae ease ty 


etf 1 = cos a 26 


Ww = obliquity factor. 
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The following table gives an idea of the magnitude of the geometrical effi- 
ciency and the obliquity factor W as a function of the angle a. 
Table 21 


GEOMETRICAL EFFICIENCY AND OBLIQUITY FACTOR FOR 
A POINT BETA RAY SOURCE 


Geometrical Obliquity 
a tana = paged efficiency factor 


+ b } aM 


80° 5.671 0. 468 2.10 
60° 1.732 0.250 1.39 
OP cu 0.839 0.117 1.18 
30° 0.577 0. 067 1,07 
“20° 0.364 0.0302 1.03 
10° 0.176 0.0076 1.01 


5° 0.0875 0.00195 1.00 


If there is more air interposed between sample and counter, a satisfactory 
way to account for absorption and scattering by the air is to evacuate the 
space between sample and counter window. The absorption method indicated 
above may lead to as mich as 10% error. On the whole, absorption corrections 
should be trusted only if the resulting correction is smaller than 30% of the 
counting rate. Typical absorption curves for three commonly used isotopes 
are given in diagram 109. 

Backscattering correction may be obtained by piling foils of various 
thickness under the sample and observing the rise in counting rate. Beyond a 
certain thicikmess the backscattering remains essentially constant. Aluminum 
backscattering curves are given in diagram 110, These are not absolute since 


the absolute amount of backscattering is difficult to obtain with a Geiger- 
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Muller counter because the angular distribution of the scattered rays is not 
isotropic. The saturation backscattering varies greatly with the atomic 
number and diagremllishows this variation, It is also possible to plot curves 
for saturation backscattering as a function of maximum energy of the beta rays 
for various backscattering materials. Above Ena = 0.6 mev saturation back- 
scattering, especially for light elements, is quite constant. For this reason 


some laboratories mount their standards on thick sample supports. 


K. Extended Thin Samples. 


The geometrical efficiency of a point source decreases if the point 
source moves out from the axis of the bell jar counter in a plane perpendicu- 
lar to the axis, It is possible to write theoretical formulas for the change*. 
In practice, however, it is easier to approach this subject experimentally and 
obtain experimental efficiency curves, especially since the obliquity factor 
changes too. Some of these are reproduced in daigramlll. By approximating 
the decrease efficiency curves plotted in the diagram with parabolas, it is 
seen that a disc of the same diameter as the counter would be less efficient 
than a point source of the same strength. The following table gives an idea 


of the efficiencies obtained after integration over the entire sample area, 


Table. 22 . RELATIVE EFFICIENCY OF DISC TO POINT SOURCE 


Geometrical effi- 
P 52 ciency of point 
source at center 


Radius of At center 
disc =r _— radius = r/2 


Shelf 1 0.175 0.75 0.95 
Shelf 2. 0.0505 0.87 0.975 
Shelf 3 0.0245 0.93 0.99 


*For example H, Vieltin worked out such formulas (University of California at 
Santa Barbara). 
L486 
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In biological work it is often sist nike to use sample dishes of a 
somewhat extended surface. The above figures indicate that the radius of 
those dishes should be not much larger than one-half the counter diameter if 
aki is desired. Caution should be used in applying sample deposition 
processes e.g., electroplating, if the di str ibution of the radioactive sub- 
stance is not uniform over the surface of the sample. In particular, if more 
of the radioactivity is concentrated on the edges, the above cited efficiency 
figures are not valid.’ Variable distribution on the sample dishes will lead 
to variable counting rates from equally strong samples. The data given for 
P 32 above should be modified for calculating counting efficiency of low 
energy beta ray samples, mainly due to the effect of oblique absorption, 

It is possible to construct supporting surfaces for radioactive samples 
which have equal geometric efficiency over their entire surface, thus permit- 
ting somewhat unequal distribution of the thin samples. In practice this may 


be achieved by using watch glasses of proper diameter. 


L. Thick Samples 


In biological work it is often necessary to deposit material of consider- 


able thickness on the sample plates. Some of the beta particles emitted will 


iu be then absorbed or scattered by the sample itself. To correct for "self- 


absorption", a correction curve is obtained by measuring the counting rates 


obtained from different weighed amounts of the radioactive sample deposited 


on standard sample discs and comparing it with the counting rate expected with- 
oe out self absorption (2)One may then measure the counting rate of the unknown 
sample; determine its thickness by weighing and from tlie correction curve cor= 
rect the counting rate for self absorption, The following table gives the 
fractions of C 14 beta particles counted -from various self-absorption thick- 


a 


nesses. 
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Table a5 e 


RELATIVE COUNTING EFFICIENCY AS 
A FUNCTION OF SELF-ABSORBER THICKNESS 


C14 (Enay 151 mev) 


BaCO3z self-absorber 


Sample ‘oe 
Thickness Efficiency 


' 


9) 1.0 

1.5 0.80 
5 0.65 
6 0. 45 
9 0.51 
12 0.24 
15 0.19 
18 0,16 
21 0.14 


M. Comparison Between Different Standards 


No publications exist so far dealing with the comparison between dif- 
ferent methods of standardization, The authors have recently compared sten- 
dards on a bell jar counter using the coincidence method, a standar uranium | 
preparation, and an RaE beta standard prepared by L. F. Curtis of the Bureau 
of Standards. Using the corrections described above, fairly good agreement 
was found between the respective standards. The numerical data are given in 


table 246 
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Table 24 . SAMPLE OF COMPARISON OF DIFFERENT STANDARDIZATION METHODS 


kt 


Net Correction 
B energy y energy (measured factor (ab- Corrected 
Isotope effi- sorption, Efficiency 
mev mev ciency) reflection, 
etc. ) 
Co 60 0.5 1.0 and 1.2 0.0148 0525 0,0255 
e382 0.6 0.4 and 0.08 0.0193 - 746 0.0236 
Na 24 1, 48 1.06 °,. 2.76 0.0220 096 0.0250 
Au 198 0.78 0. 46 0.0209 0.92 0.0230 
RaD and E 0.03558 1, 46 0.0245 
Geometrical % 
efficiency  -----9 nnn nn nen nn nnn enn nn nee ateheteateteteten - 0.0242 
AVEFAZO Meee nner nn nn seen nnn enn nn eens eneenn 0.0256 


a ca a we a er ee. ee ee 8 ee - ee 


From the data given above it is possible to plot an efficiency curve for the 
mica window %.M. counter as a function of the beta particle energy. Such a 
curve is plotted in diagram 112. A similar curve may be constructed for 
gemma ray counting efficiency. 


In conclusion one may suggest that for those not having a coincidence 


| 
| 
J 
2 
- 
ti 


countin; arrangement the use of a standard beta ray sample is desirable. UI, 


RaD and E, or Co 60-are about equally well suited for such a standard. 
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TYPICAL BELL-JAR COUNTER ASSEMBLY FOR 


-xZ @nmMooOD» 


STANDARDIZATION WORK 


. COUNTER WALL 
WIRE WITH GLASS BEAD ON END 
THIN MICA WINDOW (!-2 mg./cm.2 preferable) 
SHELF SUPPORT OF LUCITE OR PAPER 
SAMPLE SHELF OF ALUMINUM OR LUCITE 
SAMPLE SUPPORT, THIN FILM OF NYLON OR ALUMINUM 
SAMPLE, PREPARED AS POINT SOURCE BY EVAPORATING 
0.1-0.2 cm. OF SOLUTION 
SHELF FOR ABSORBERS 
ABSORBER 


Fig. 108 
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INTENSITY 


RELATIVE 


INTENSITY 


RELATIVE 
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TYPICAL ABSORPTION CURVES FOR BETA PARTICLES 
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BACKSCATTERING OF P°* AND Co® BETA PARTICLES (Emax. 7 '-72 and 03 MEV) 
AS A FUNCTION OF SAMPLE SUPPORT THICKNESS. 


THE COUNTING RATE IS GIVEN IN PERCENT OF THE RATE OBTAINED WITH A SAMPLE 
SUPPORT OF NEGLIGIBLE THICKNESS. THE SAMPLES MAY BE CONSIDERED AS POINT 
SOURCES, THE GEOMETRY IS SHOWN ABOVE. 
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MAXIMUM BETA ENERGY IN MEV 
SATURATION BACKSCATTERING FROM ALUMINUM, COPPER, AND PLATINUM | 


FOR A POINT SOURCE AS A FUNCTION OF MAXIMUM BETA ENERGY. 


ORDINATE REPRESENTS COUNTING RATE WITH RESPECT TO A SOURCE WITH . é; 


NO BACKSCATTER (NEGLIGIBLY THICK SUPPORT ). 
Fig. 110 t 
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RELATIVE COUNTING EFFICIENCY (OF P52) AS A FUNCTION OF THE DISTANCE 


THE AXIS OF THE COUNTER. 
DATA WERE TAKEN ON THREE DIFFERENT SHELVES OF THE COUNTING SYSTEM SHOWN 


FROM 


IS 


ON EACH CURVE THE COUNTING RATE OBTAINED AT THE AXIS 


100% 


ON DIAGRAM. 
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ATOMIC NUMBER 


SATURATION BACKSCATTERING AS A FUNCTION OF THE ATOMIC NUMBER 


OF THE BACKSCATTERER. 


ORDINATE REPRESENTS PERCENT OF COUNTING RATE OBTAINED WITH SAMPLE SUPPORT 
INFINITESIMAL THICKNESS. 
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: 21, IONIZATION CHAMBER 


A, Description 
A gas filled chamber containing an electric field for the collection 


of charge produced by ionizing radiation is referred to as an ionization 
chamber when the electric field strength is just sufficient to collect 
all the initially formed charge. The electric field strength required 
for charge collection in chambers is generally 20-100 volts per cm, and 
usually is not critical. This corresponds to the field necesssry to 
collect the ions before appreciable recombination has taken place in the 

gas and yet it is not high enough to produce additional ion pairs by 
multivlicative processes as the ions drift to the collecting electrodes. 
The charge collected therefore, should in principle, just equal the ioni= 
zation produced directly by the incident radiation and its recoils (see 
figure 99 ). 

All ionizing radiations can be detected with appropriate forms of 
chambers. In the case of heavily ionizing particles, including electrons 
in some instances, separate ionizing events can be counted by much the 
same technic and equipment used for Geiger-ltlller and proportional counters. 
Gamma radiation and usually beta particles are detected by the average 
accumulation of charge per unit time rather than as descrete events. The 
details of the construction of an ionization chamber depends, therefore, 
to some extent on the type of radiation to be detected but frequently its 
design and construction materials are determined more by the particular 
circumstances of the measurements. Despite the great variations in de- 

sign, they are in most instances, built around one of two basic forms 


of collecting electrode arrangement: either two parallel plates, one 


5669 | 497 
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‘ 


* 


of which is highly insulated and connected directly to the detecting 
instrument; or a rod shaped collecting electrode mounted coaxially with 
a cylindrical anode (or cathode), 

Chambers designed for detecting pasietica ty the time rate of accu- 
mulation of charge will normally operate satisfactorily with most gases 
including those that form negative ions such as air, CO. and water vapor. 
Pulse chambers, on the other hand, frequently give erratic performance 

| and a poor pulse shape in the presence of negative ion forming gaia (air, 
Oo, HoO, CO, CO, and the halogens). Usually, they are operated in atmos 
| pheresof No, A, CHy, etc., at atmospheric pressure, 

The method employed for measuring the nagnitude of the collected 
charge depends on the application and design of the chamber, In most 
applications a very high order of sensitivity is desirable and can be 
achieved with any of several devices to a degree where the limitations 
on sensitivity is set by the statistical fluctuations in the background. 
In all the detecting instruments employed with ionization chambers, the 
physical quantity measured is the small electrostatic field p oduced by 
the collected charge. This may be the potential established across a 
set of electrodes due to the inherent capacitance of Bid On aaitied and the 
instrument together with that of a small capacitor, if one is used, or 
it may be the voltage developed across a high resistance through which 
the charge leaks to ground. Although the millivolt is the absolute 
quantity directly measured, such instruments can be calibrated in terms 
of roentgens, curies and in units of radiation intensity or source 
activity. 

The instruments most frequently adopted to ionization chamber measure= 


ments are summarized below, 
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1, Quartz fiber electroscope. Of the nunerous types of electroscopes | 


develoved for radiation detection, the form developed by Lauritzen is 
the most frequently used in this country. It consists of a metal coated 
quartz fiber, 6 mm long and 0,005 mm in diameter mounted parallel to a 
rigid wire and comnected mechanically to it as shown in figure e .The 
fiber is initially displaced by charging it with a potential of approxi- 


mately 100 volts before a measurement is to be made, Then, as ions of 


— so  -— as re 


the opposite charge are collected, it drifts buck at a rate proportional 
to the rate at which ions are produced. Small displacements of the fiber 
are very nearly proportional to the number of ions collected and the 
instrument can be calibrated either in volts see aeant or'in GeSetle per 


second, 


ye Se RE IS eA RE RS oon An aaa ie 


Normally, the background activity from cosmic rays and alpha particles 


gives a drift rate of five to ten scale divisions per hour, 


2 DS i eae LD 


2. Moving vane electrometer (1). 


The most suitable electrometers of 


let eS eT ph 


ann Me aioe! 


this type for ion detection are those with a metal coated quartz fiber 


mounted on a torsion fiber in the gap between constant potential electrodes, 


a 


Both the Hoffman (2) and Lindemann (3) forms have been widely used with 


jonization chambers but at the present time the Lindemann electrometer 


i @ 


generally is preferred (see figure 113}, It is highly sensitive and can 


be made portable, and its calibration is independent of its orientation, 

With the appropriate electrical circuits the rate of charge collec- 
tion can be read directly in terms of scale divisions per seoond or it 
can be used as a null instrument and calibrated in terms of millivolts 
per second required to maintain the fiber at the zero position, The 


latter method is preferable when the highest accuracy is desired. 
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3. Vacuym tube electrometer. The voltage produced by leakage of the. 


collected charge across a high resistance of the order of 10° ohms can be 
amplified by an electrometer connected vacuum tube similar to the method 
described in the section on the mass spectrograph, Two vacuum tubes 
have been designed specifically for this purpose; the FP-54 and the vic- 
toreen VX-41 (4,5), ‘i 
D. C. amplifiers have met with only limited use for ionization 
chambers partly because of the technical difficulties in their construc- 
tion and operation and partly because of their susceptibility to micro= 
phonics, long period drift, and its high noise level as compared to 


other detecting devices, 


4 Vibrating reed electrometer. The vibrating reed is a variable capaci= 


tor for converting the D. C. potential developed across a capacitor by the 


collected charge from the ionization chamber into an A, C, voltage which p 
can be amplified by conventional amplifiers, For a constant charge on 
i 

the collecting system, the voltage across the capacitor is 
rf 

sin wt | 

ery es 

GC [ 

q 


Where Vo is the initial D. C, voltage, 2 the charge, C the effective reed 
capacity,and wt ,the vibrational frequency. The A, C, signal which is 
amplified is then Q sin wt/c which increases in amplitude as the charge 
accurulates. Electrometers of this type are particularly well suited to 
ionization chambers designed for measuring beta particles, gamma rays and 
cosmic rays, aside from the limiting sensitivity imposed by the voltage 


due to thermal agitation, it is less susceptible to micropyhonics and some 
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of the factors which in other electrometers, cause long period drift and 
high noise level (6), 

After amplification, the A, C. voltage is rectified and measured by 
a recording potentiometer. This provides a considerable advantage in 
taking measurements since the slope of the recorded trace is proportional 
to the ionization rate. Further, the incidence of an alpha particle in 
the chamber produces an abrupt deflection in the slope of the “Line thus 
allowing the background of alpha particles to be fully accounted for 


separately in each sample without resorting to statistical methodse 


5. A. C. amplifiers, Heavily ionizing particles such as protons, alpha 
particles and fission fragments are normally detected in ionization cham= 
bers by Aw C. pulse amplifiers and counted by conventional recording cir~ 
cuits. The voltage developed across a high resistance of the order 10° ~ 
101° ohms is impressed on the grid of a vacuum tube operated usually as 

a cathode follower i.e., with,a cathode resistor of 10,000 = 50,000 ohms, 
This is followed b:) one or two stages of amplification and possibly a 
cathode follower output stage leading to the counting cirauits.  Con- 
siderable precautions must be taken with pre-amplifiers of this sort, 

to aimsure good insulation of the grid circuit of the first tube and 
generally to provide insulation and shielding against vibration and ex- 
ternal electromagretic fields. [Miniature tubes of the types 6AK5, 9001, 


9002, 945, etc., have proved to be the most satisfactory for this applica=- 


tion (7). 


B. Statistics of ileasurements 
RL A IAD 
The probable error of measurements with an ionization chamber re- 


cording descrete events is estimated by the same procedure used for other 
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counting methods and is given in detail in the section on statistics 


| for Geiger-lilller counters. Chambers for detecting beta, gamma and cos= 

mic radiation, on the other hand, requires the measurement of a continu= 

y 

ous variable which may be either scale division per second or millivolts 

i per second, The procedure is precisely the same, however, when the terms 

are redefined. 
Assuming only cosmic rays and alpha particles from the chanber walls 


to be responsible for the observed buckground, the standard deviation of 


a single measurement of the background charge taken over a time %, is 
ois ee 


a = average number of ions pairs produced in the chamber per 
alpha particle. 
b- average number of ion pairs produced in the chamber per 


cosmic ray. 


i 
rT 


average number of alpha particles per unit time, 
B = average number of cosmic rays traversing chamber per 
unit time, 
In the presence of the radiation being measured ,the standard deviation 
for a Single measurement of the radiation plus background over a time 
» in terms of charge units is 
1 


o. = = (r°R + a“A + p2p)t/2 
r 
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r = average number of ion pairs produced in the chamber per 
incident particle or ray. 


R 3 average number of events per unit time in chamber, 


The total standard deviation, therefore, is 
oe 2,1/2 
o= (9, + *,, ) 


Alternatively, a measurement can be expressed in millivolts per 


unit time by: 


3 
v, = : (aA + bB) mv per sec. 
3 
= (rR + aA # DB) mv per sec, 
Cq 


<3 
5 


= total capacity of collecting electrode plus its external 
connections, e.g., electrometer fiber and comections or 


vacuum tube grid and lead. 


q = number of ions pairs per coulomb 


The standard deviations in terms of mv per second are then: 


i ie 
mS = OD 
Cq - 
3 
=, - 10 a 
r Cq Nt 
hao fr asa? fg | 72 
oe (cory? + 0") / 


When a set of N measurements have been taken, the standard deviation 


from their mean value, v,is given by: 
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3 ony values of individual determinations in units 


of millivolts, 


This is calculated for N, determinations of the background and N, determina- 


R 


tions of the measured radiation plus background to obtain the total stan= 


dard deviation from the mean, Ons where, as before 


1. 


Be 


3. 


7. 


‘ 1/2 
On = (op + Op) / 
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To Detecting 
Device 


THIMBLE CHAMBER 


PARALLEL PLATE IONIZATION GHAMBER 


= PARALLEL PLATE ELECTRODES 
G CHAMBER FILLED WITH ARGON OR NITROGEN 
| ELECTRODE SUPPORT INSULATOR OF AMBER, LUCITE, ETC. 
Ss RADIOACTIVE SAMPLE PLACED ON ANODE. 
ALTERNATIVELY, A THIN ALUMINUM OR MICA 
WINDOW IN THE SHIELD CAN BE USED FOR 
ADMISSION OF RADIATION. 


LAURITZEN ELECTROSCOPE 


A AMBER SUPPORT 184 
F METAL COATED QUARTZ FIBER WITH T 
Saad’ uaetan ae thee the LINDEMANN ELECTROMETER 

Cc SWITCH FOR CHARGING FIBER Cc IONIZATION GHAMBER 
M MICROSCOPE | F METAL COATED QUARTZ FIBER WITH "T" FIBER 
Ss SCALE FOR READING DISPLACEMENT OF FIBER AT ONE END 
w AMBER SUPPORT M MICROSCOPE 

ie) OCTANTS 

T QUARTZ TORSION FIBER 

Fig. 113 P 
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ROLE SET 
’ 11 AC. Power 
VIBRATING REED ELECTROMETER 

1 IONIZATION CHAMBER R RECORDING PEN OPERATED BY MOTOR 
M TWO-PHASE MOTOR ; AND CHART PAPER 


P SLIDE WIRE POTENTIOMETER OPERATED BY MOTOR V VIBRATING REED AND DRIVING COIL 
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22. INDIRECT METHODS FOR MEASURING STABLE ISOTOPES 
A. Introduction 


In addition to the direct, i.e., electromagnetic, methods for the deter- 
mination of the abundance of stable isotopes, several indirect methods are 
available, These involve the measurement of some physical property which 
changes with isotopic ratio. Density and the refractive index are among 
| the suitable properties and bare bank used to determine the abundance of the 
E heavy isotope of hydrogen, deuterium, in water (1,2,3,4,5,6) Densitometric 
methods have also been used to study the abundance of the heavy isotope of 
Oxygen, 0 18-(7,8). trcept an the study of these two isotopes, however, these 
methods are not likely to become widely applied. The detection of small dif- 
ferences in thdse peépertics is difficult and in those cases where there is 
relatively little difference in the masses of the isotopes involved, even very 
large changes, say 100%, in isotopic composition cause undetectably small changes 
in these properties. This fact, together with the complication that traces of 
impurities may. exert comparatively large effects, serves to render these methods 
useless in most instances, 

Water, however, is comparatively easy to purify, and deuterium oxide is 
10.7% heavier than ordinary water; a difference sufficiently great to enable 
one to measure its concentration in moderately high dilutions. Several highly 
precise methods have been developed which are suitable for such determinations, 
These will be outlined in the following paragraphs. The problem of preparation 


and purification of water samples is common to all of the methods and will be 


discussed first, 
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B. Preparation and Purification of Water for Analysis 


Although it has been stated that water is comparatively easy to purify, 
this poe by no means be interpreted to noe that extreme care is not essential 
to the process. The details of a satisfactory procedure have been presented 
by Keston, Rittenberg, and Schoenheimer (4). In summary, their procedure con- 
sists of obtaining water from organic compounds in wiich deuterium has been 
introduced as a tracer by burning them on hot copper oxide in a stream of 
oxygen, the water bein:; collected by eoniacast ian in a trap surrounded by 
dry ice. The water sample thus obtained in then purified by successive dis- 
tillations in a vacuum train. The first trap usually contains chromic oxide 
and the second, alkaline permanganate. Upon its collection in the final trap, 
the water is ready for analysis. Cohn (9) suggests modifying the technic by 
using Vycor rather than quartz combustion tubes and by using silver gauze 
plugs in the combustion tube packin;. Fetcher (10) uses calcium oxide rather 
than potassium hydroxide in the second trap, 

It is imperative thut all glass with which the water comes in contact 


be scrupulously clean. The recommended procedure is to wash all of the arti- 


cles conoerned with hot solutions of sodium triphosphate, rinse with distilled 


water, treat them with boiling concentrated nitric acid, rinse about ten times 
with Crenkly distilled water, and finally, dry them in an electric oven, 

If the sample of water to be analyzed was formed by the combustion 
method, it is necessary to introduce a small final correction for the natural 


abundance of the isotope O 18 in each of the following procedures. 
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C. Refractive Index 


The refractive indices of Hj0 and DoO differ by 0.00462 for the Sodium 
D line at 20°C (3). The deuterium content of water can be determined from 
the difference between the refractive index of pure water and that of the sample. 
The Columbia University group has used @ Zeiss interferometer for this purpose, 
calibrated to read directly in per cent deuterium (3,4), They report that the 
deuterium content in 0.4 cc of water can easily be determined with an error no 
greater than 0.02 atoms per cent (4), A general discussion of refractometry is 


presented in a brief article by Forrest (11). 


D. cnometer 


Pycnometers are vessels with capillary necks or with accurately fitting 
ground glass joint stoppers having a capillary center in which a definite 
volume of liquid can be weighed, Lethon for filling them are described in 
such texts as that by Daniels, Mathews, and Williams (12). For precision ap-= 
plications, they must be maintained at a known temperature while being weighed. 
The pycnometer method usually serves as the primary standard for all other me- 
thods of deuterium analysis; ie ih ot) parenonanitan to an error of the order 
of 0.001 per cent in deuterium can be measured. The method, however, is not 
suitable for routine determinations because it is tedious and time-consuming, 
and requires quite large samples (“~ 5 cc), Other drawbacks to its use as 
listed by Lamb and Lee (15) are that it is difficult to secure a constant and 
definite temperature inside a considerable voiume of unstirred liquid; that 
because of the variation in humidity of the surfaces of glass vessels, they “ine 
difficult to weigh accurately; and that the pycnometer, together with its 


contents, imposes a considerable load on the balance and therefore reduces its 
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sensitivity. Some of the difficulties of ‘this method may be avoided by the dis- 
placement method in which the vessel is suspended in a liquid while it is being 
weighed, The additional error introduced by surface tension effects on the sus- 


¢ 
pending wire, however, is sufficient to offset the advantages of this procedure, 


E. Submerged Float 


The submerged float method is based upon the principle that a float can 
be so critically constructed that at a certain temperature it will neither rise 
nor sink when immersed in a fluid of a certain density and under a certain pres- 
sure. With the proper construction,minute changes in any one of these Eevee 
will destroy the equilibrium and the float will either rise or fall. Methods 
for precise measurements with the submerged float have been described by 


Richards and Shipley (14), Lamb and Lee (13), and by Gilfillan (14). The 


first of these workers varied the temperature, the second group used magnetic 


control, while the third varied the pressure in determining the density of the 
fluid. The application of the method to deuterium studies is described by 
Rittenberg and Schoenheimer (3), In their technic,the water to be analyzed is 
distilled in vacuo into the tube containing the float and the density of this 
sample is determined by adjusting the impressed pressure until the float begins 
to rise. From the Pate of its rise and fall the equilibrium pressure is calcu- 
lated. With the pressure set at this value, the float will remain stationary 
for as long as 15 minutes as observed by reference to cross hairs in the field 
of a microscope. The pressure c:.ange of 1 cm of mercury corresponds to a change 
in density of 0.576 part per million, or about 0.0003 per cent deuterium, 

‘This method has a high degree of precision and has been used for measure- . 
ments of concentrations below 0.03%, with successive determinations being made 
to better than 0.0005 atom % (4), The theoretical errors amount to a cumula- 


tive maximum of 3 units in the 7th decimal place (13). The method, however, 
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is tedious and not readily adapted to routine determinations, 


} 


F, Falling Drop 


The falling drop method consists essentially of determining the density 
of a drop of water from the rate at which it falls through a non-miscible 
liquid of slightly lower density. The rate of this fall is determined by a 


mumber of factors as expressed in Stokes law: ¢ 


6uv= 4/3 a2 (4 = do) g 


u = viscosity of medium 

a = radius of drop 

v = velocity of drop 

qd = aSnbity of drop 

dg = density of medium 

g = acceleration due to gravity 


It is apparent tnat if one is to relate the density of the drop to the velocity 
of its fall, all of the other factors must be rigorously controlled, 

The falling drop method was devised by Barbour and Hamilton (16) as a 
means of avoiding some of tne difficulties inherent in the Hammerschlag ‘method 
for determining density, in which the density of the medium is adjusted by 
changing its composition until a drop of the sample neither rises nor falls. 

The original workers used a mixture of bromobenzene and xylene as the medium, 
It is desirable, however to use a single compound to avoid the differential 
vaporization which occurs in a binary system. Keston et.al. (4) introduced the 
use of orthofluorotoluene, which has a density convenient for measuring 0 - 3% 


Do0 at 26.8°C. Metafluorotoluene may be used for the same concentration range 
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a: 19.3°C, These toluences have the further advantage of lower viscosity and 
therefore greater sensitivity. They are ateetaebiie from the Eastman Kodak 
Company or may be synthesized by the method used for fluorobenzene (17). In 
practice, the medium is contained in a tube, the dimensions of which are not 
critical except that itsinside diameter should be greater than three times 

the diameter of the drop in order to avoid wall effects, The velocity of the 
drop is obtained by timing the interval during which it falls between two 
feducial marks on the tube. These lines should be as far apart as practicable 
to provide maximum sensitivity and best average rate of fall. About 20 cm 
should be allowed above the top mark to insure thermal equilibrium between the 
drop and the medium by the time it reaches the first mark, and 8 to 10 cm below 
the lower mark to avoid end effects, 

The tube is mounted vertically in a well-stirred water bath of about 100 
liters capacity. The density and viscosity of the medium are controlled through 
careful thermostating of the bath; the temperature should be held constant to 
plus or minus 0,001°C, The glass walls of the tube introduce sufficient lag 
in heat transfer to insulate the medium from minor temperature finctucuane 
Sensitive mercury or toluene-filled thermoregulators are satisfactory in most 
cases (18,19). A temperature is selected which will give a convenient rate of 
fo11 for the deuterium concentration range to be studied. 

The size of the drop is controlled through the use of a micropipette, 

The size used by various workers has varied from 5 to 45 cu mm (9) with about 

the same sensitivities being achieved. Even though the size of the drop is not 
critical within reasonable limits, it is imperative that those used be of uniform 
size. 

Under the conditions used in this method, the rate of fall does not follow 
Stokes! law perfectly and it is necessary to establish a calibration curve, The 


deviation from Stokes law is calculated from the differences between the recipro- 
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cals of the time of fall of known samples and pure Ho0, (9), 
The error involved in this method amounts to about 1 to 4 parts per 
million, However, errors introduced in the combustion and purification pro- 


cesses raise the overall error to 20 ppm or of the order of 0.02% deuterium 


(9). 
Ge Diffusion Gradient 


The following description is an abstract of an article on the diffusion 
gradient methods by Chris Anfinsen (20). 

When one liquid is layered over another of greater specific gravity with 
which it is miscible, a linear gradient of density develops in the region of 
the juncture of the two. The density of a drop of water can be determined by 
introducing it into the region of this gradient and comparing its equilibrium 
position with that of drops of known density and Dj0 content. One advantage 
of this method over that of the falling drop is the fact that the accuracy of 
the method is not appreciably affected by convection currents. Nevertheless, 
accurate thermostating is essential to this method also, 

The gradient is prepared from two bromobenzene-kerosene mixtures, the 
lighter having a density of about 0,99, and the heavier, a density of about 
1,02; the density of 10% DoO0-having the intermediate value of 1.01. A method 
is discussed for freeing the mixtures of water and of water-soluble substances 
in order to avoid exchenge of these substances with the drop being tested. The 
gradient tube, consisting of two bulbs joined by a tube about 2.5 cm diameter 
and 20 cm long, is filled with the heavier of the two mixtures to the middle 
of the tube, and the lighter mixture is carefully layered over it to a level 
in another tube above the second bulb. A uniform distribution of the mixtures 
is secured in the tube by vertical strokes of a stirrer. The gradient is then 


calibrated with drops of known composition. In practice, the equilibrium 
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position of a drop of unknown density is compared with that of drops of known 


composition and density chosen to bracket the expected density range, An 


accurate estimate of the deuterium content of the sample can then be calculated 


by interpolation, 
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23. MASS SPECTROGRAPH : 


A. <Aston Mass Spectrograph 


An arrangement of eléctric and magnetic fields devised and perfected 


by aston (1, 2) was the first employed for extensive and accurate measuremerts 


‘ 


of isotope masses, A highly collimated ion bean energing from the slits 5, 


and So» as shown in figurell4, is passed through a strong uniform electric 


field between two parallel electrodes which deflects the ions by a small angle 


Qs v- § 
ve om 
1 = length of path between plates. 


<j 
i} 


- deflecting voltage on plates, 


initial ion velocity, 


@ 
ui 


ion charge, 


m # ion mass, 


The defining vane, D, then permits only ions within a small prescribed range 


of velocities to enter the uniform magnetic field H. The angular deflection » 


in the magnetic field is given by the expression 


- e ,1/2 
yt LE (2 sie 
‘4 
Separation of ions with different values of n/e, as well as focusing of 
identical values, takes place only in the magnetic field, The electrostatic 


field serves only as a velocity analyser to gpread the inhomogeneous ion 


beam ‘irto an energy spectrum before it enters the magnetic field. 
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For small deflections, the focal points for different values of 


m/e lie along the line 


‘which determines the proper location of the photographic plate used for 
detection. The mass, or more correctly, m/e, is determined by the location 
of ion beam image on the plate with respect to one or more accurately known 
masses, The relative abundance of isotopes is determined from the compara- 
tive intensities of the isotope images, : 

This type of mass spectroscope is referred to as velocity focusing 
since ions with identical m/e but slightly inhomogeneous energies are focused 
at a point. Ions entering the electric field at slightly different angles, 
however, cannot be focused and the ion beam currents are thetefere exceeding= 
ly small as a result of the beam attenuation required for a high order of 


ec llimation. 


B. Dempster Mass Spectroscope 


| *he original Dempster instrument (3) accomplished the separation of 
ions with different values of m/e by deflection of the ions through an 
angle of 180 degrees in a uniform magnetic field. The ions formed in an 
ionization chamber, I, figure 114, by electron bombardment are accelerated 


end focused by voltages applied to the slits Si» a s.3 imparting a final 


2 
velocity given by 


v= (2 va)¥2 


V = voltage difference between slits S, and Ss. 


! 


ee cee en oh ee ee Ne. =, ma : 


- 
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e = ion charge. 


m = jon mass, 


In the uniform magnetic field, the ions follow circular trajectories normal 
to the field with uniform linear and angular velocity and at a radiu of 


curvature determined from 
C m .1/2 
Rear (avs V 


H ® magnetic field strength, 


This form of enpotsiobediie possesses some advantage in utilizing slight- 
ly divergent ion beams, hence, somewhat greater beam currents are available 
than in velocity focusing instruments. It possesses the disadvantage, how- 
ever, that energeticall; inhomoceneous ion beams cannot be properly focused, 
The ion source, therefore, must provide ions of as nearly homogeneous energy 
as possible when the csreatest accuracy and resolution is required. 

The focus at the 180 decree sciaiihi where the collecting electrode 
is placed is not a line image but has a natural width, 8, given by 8 = Rae 
where a is one-half the angular beam divergence in radians at the source, 
This places a limit on the sevaration of two vadhes of nfe with nearly equal 
macnitude or alternatively determines the maximum allowable angle of diver- 
eerce for a required resolution since the separation of the two focii mst 


be sreater than the image width, or approximately, 
i 


m 6 
gvee | | natawend 


on 


Assuming the maximum geometrical resolving power to be defined as 


the smallest difference in mass for which two focii are just separated, it 


is then given by the expression 
ae 
Smeal B-eght 
An 


This assumes the ion beam to be perfectly homogeneous; if it is not, 


a term involving AV must be added. 


C, NMattauch Double Focusing Spectrograph 


A comprehensive study of ion optics by Herzog (4) demonstrated that 
with combinations of electric and magnetic fields it is possible to achieve 
both velocity and directional focusing, Where the highest resolution and 
accuracy are required this is essential since ion sources do not provide ion 
beams which are strictly homogeneous in either energy or direction, Follow- 
ing these principles, Mattauch and Herzog (5, 6) constructed a mass spectro= 
graph which provides direction and velocity focusing over the entire mass 
‘range. As shown in figure 115,collimated ions from the source pass through 
an electric field between condenser plates C, forming an are of 31° 50%, 
Again collimated by slit Sz, the ions enter the magnetic field where they 
are deflected through an angle of 90°, Directional focusing occurs in 
the electric field and velocity focusing in the magnetic field. 

The voltage applied across the electrodes of the electrostatic 
analyser depends both upon the geometry and ine sorehew through which the 
ions are initially accelerated at the source. For ions which traverse the 
certral path through the analyser, the voltage is given by the expression 

V22V, log 2 


4+ 
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ee, Vo ® ion accelerating voltage at source. ey aay. 


; fe) 
r, = radius of imer electrode, Soe 
Yo = radius of outer electrode. ae 


The axial distance, a, from edre of the masnetic field where the ions 


q enter, to the point of focus (seé figure ) is given by . - 
a = C emv, 
He e ; 
H = magnetic field strength, 3 A 
m= mass of particle. | a 


= charge of particle. 


co) 
i 


All masses are focused on a plane making a 45° angle with the axis 


at the entrance point of the magnetic field. The distance of the focal : . 
Pevty 
point alone this plane for a particular value of m/é is then ; 
ag Mt 2 MV | ae 
a a 2 Sc —— ) fr 
: H e ae 
Hence, the mass scale varies as Vn , and can be readily established from one 
or more lnown masses. , t 


The dispersion, assuming e to be constant, is given by 


db 1 Vo 
a’ em 


. ey 


and the resolving power is given by the expression 


519 


a 


8 
i 
~ 


Kn” “Ee, 


source slit width. 


” 
us 


= smallest detectable mass difference at massm, 


3 
1 


D. Painbridge-Jordan Double Focusing Mass Spectrograph 


Directional and velocity focusing is accomplished in a mass syectro-= 
scope developed by Bainbridge and Jordan (7), first by deflection of ions 
in an electrostatic uralysing field through an angele of wt /f2, and then in 
a uniform magnetic field through a mean angle of W/s radians, With the 
geometrical arrangement used, the small dispension in velocity accompanying 
directional focusing for ions of a particular value of m/e is cancelled by 
the velocity focusing in the magnetic field, The focal plane over a large 
mass range is not strictly flat but over a considerable range about the : 7 
exactly focused m/e, it is sufficiently flat to allow accurate comparison of 
both mass and abundance, A considerable advantage, inherent to this design 
of spectrograph, is derived from the accurately linear mass scale for a 
broad range about the exactly focused m/e. In some instances this is highly 
desirable since it creatly facillitates accurate comparison of masses. 


The relation between the voltage applied across the condenser plates 


5) 2 SOT en RR cs a Aa eS Is a RECESS TEP eae i ARG RLS aE A eS IS RS AS Dah Biles Se ek 


of the electrostatic analyser and the accelerating voltage for any ion which 


traverses the central path between the plates is expressed by 


= r 
V, = 2 V, log —2 
ae 


| 
a 
. 

| 


Ve= analyser voltage. 
%- accelerating voltage or energy of ion in 


central path, 
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: r, = radius of inner condenser plate, 


radius of outer condenser plate, 


+2 

In traversing the electrostatic analyser, ions of energy V, differing 

slightly from V, are focused into an energy spectrum at the focal plane of 
the analyser, and again diverge before entering the magnetic field. The 

linear displacement of an ion from the central path in focal plane of the 


andl yser for an ion of energy, VY, is, to a close approxination, given by 
Re = eR B 


' R, 2 radius of central path through electrostatic 


analyser. 


Only those ions in the central path with a particular value of m/e are 


deflected by the magnetic field through exactly 60° when the magnetic field 


satisfies the relation, 


t 2 MoVo 
Ry e 


H.$ 


R, = radius of ion mo/e from central path in 


magnetic field. 


Under these conditions the ion enters and leaves normal to the edge of ne- 
netic field and ions of the same m/e but with different energies are de- 


flected throush a smaller or greater angle to be focused at a distance 
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V3 Rm along the central path from the edge of the magnetic field. The 
displacement of the focus from the apex of the magnetic field along the 


line OA, for such ions is D= 2 Rmp. The same displacement for an ion of 


mass ¥m #@©is given by 


D= 2 ie” (l=-B)-1+ | E ed | — | 


cos (60+¢) mo, 
V5 [BV a=) - 24 23] 
Sin P= ee ORE SD FS SS NSE 8 SE OSE OE OO 2 2 GS oF GS om OS mo un eT eS eT 
2(1 - B) (m/mo)1/2 
Actually, only the ion of mass, M,, for which Re = Rm and which enters and 
leaves the magnetic field normal to its edge, is focused exactly on this 
line. The error in the focus for other masses, however, is small for a 
considerable range of mass about mg. The width of the final focus of mass 


m, for which the conditions above hold is 


) 


Ryo” 
a = one-half angular divergence of beam entering 


@lectric field. 


sum of slit widths _ 


2x elit s separation 


The maximum geometric resolving power for ions on the central path, 
defined as the mass separation equivalent to the width of the focal image 


(complete separation) can be calculated from 
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The resolving power falls off slowly on either side of m, due to the 


increasing image width from imperfect focusing. 


E. Tochoidal Trajectory Mass Spectroscope 


a ach Rite of crossed uniform electric and magnetic fields has 
been proposed which accomplishes complete focusing of tg ee with large 
initial angular divergence and energy sprela’ (8), Ions injected into a 
region containing a uniform electric and imagretic field arranged at right 
angles are known to follow trochoidal trajectories which converge to a 
single point for any one value of n/e (see figure 115. The shapes of the 
ion trajectories in terms of field strengths and initial conditions is given 


in rectangular coordenates by the equutions 


x= a(W- ¥) + P (sin Yo - sin ¥) 
= L -Acosy= (cos Y% = cos¥) 


qs 


| 
ts 
Q 
nw 
HS} 


Since a and b are provortional to m/e and not the initial anrle or energy, 
all ions of the same nj‘e converge to a point, or a line ante located at 

a distance of x = b from the source, It also follows from this that the mass 
scale is strictly linear over the whole mass range, The secondsry generatim 


radius, P, is given by 
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ith Be 2Ec 
f = 7. (v2 + ae = Vo cos o)2/2 
eH 
Te ne 


Vo = initial velocity of ion 


The resolving power for this type of instrument is given by 


Ions of different n/e can be focused on a single collecting elec- 
trode by altering the accelerating potential, V,, and the deflect ing po- 
tential, V ( = Ed where d is separation of the condenser plates) in 
direct proportion; CV = V, where the constant C depends upon the design 
parameters of the instrument. When this condition is fulfilled, ions 
ef any m/e traverse the same puth for the proper values of V and Lx: 

If the design parameters are chosen to make P< a, the ion tra- 
jectory is a curtate cycloid, Ifp> a, the ion trajectory is that of a 


protate cycloid (see figure 115). 


F. Ion Sources 

The ion sources used in mass spectroscopes are either high voltage 
discharszes or low energy bombardment by electrons from a hot filament. 
Both have been widely used and the choice depends to some extent on the 
application of the mass spectroscope. Some advantage is to be had with the 
sperk discharge soures for solid materials since the electrodes can be 
coated or the electrodes made of the sampie material and little difficulty 
is encoyntered in producing ions, Furthermore, the construction and 


operation of this kind of source is usually simpler than hot filament sources. 
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On the other hand, filament sources regulated with soamineicte circuits, give 
exceedingly stable and reproducable operation over a long period of time and 
probably produce ions with smaller spread in energy. Particular advantage 
is gained for the analysis of gases and vapors with these sources since very 
small quantaties need be used for complete quantitative analyses. 

1. High-voltage discharge source, Ions may be produced in high voltage 
sources either by spark discharge in a vacuum chamber or by a steady dis~ 
charge in an atmosphere of gas at low pressure. he first type of discharge 
is frequently convenient for the direct ionization of metallic substances, 
It ebxad. among other things, the use of a discharge gas which would pro=- 
duce a spectrum of its owm, The sample material can be used as the high- 
voltage electrode or, when this is impracticable, it can be inserted in a 
hollow electrode in some usuable form; either as a stable salt, alloy, or 
mixture. Usable high-voltage electrode materials may include all of the 
metals which are stable in a vacuum at elevatedtemperatures, The material 
used, however, should not produce ions with retin of m/e near similar val- 
ues expected from the sample unless it can be used for a comparison spect- 
rum. The discharge takes place in a small gap between two electrodes which 
are operated from a tesla coil or some similar high-voitage spark device, 
Ions quien drift to the edge of the discharge in the gap then fall through 
an accelerating potention maintained between the discharge and a third elec- 
trode. This voltage determine the energy of the ions passing through the 
analyzing fields. 

The second type of high-voltage discharge takes place between a ground- 
ed cathode and a high-voltage anode in an atmosphere of gas at low pressure, 
Satisfactory operation is usually obtained with a potential of approximately 
15 Kv. Unless the gas itself is to be measured, either neon, or argon are 


usually used. Ions formed in the discharge column are accelerated toward 
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the cathode in the electric field of the cathode fall, which extends nearly 
to the anode or to within a distance determined by the space charge sheath 
thickness. A portion of the ion beam emerges from the discharge tube through 
a slot in the cathode and is then callumated by an appropriate arrangement 
of slits as shown in figure 116 ,. 

asia siptalibe? Bich are to be analysed may be placed on or near the 
cathode, or in the case of some metallic elements, the cathode can be made 
wholly of the sample material. Otherwise it is used in the form of a suit- 
able compound, e.g., as a halide salt if it has a vapor pressure greater than 
i mm Hg at several hundred degrees centigrade. In general, the combined 
effects of heating and sputtering by positive ions striking the cathode will 
ensure an ample concentration of sample material in the discharge for the 
production of ions. 

2 Sources with electron emission from a filament. This type of source is 
the most widely used at the present time because of its ease of control, 
stability, adaptability to routine analyses of gases and vapours, and the 
ail energy spread of the ions it produces. 

The general scheme of this type of source is illustrated by the exam- 
ples shown in Figure 116, The sample material is admitted to a small 
closed ionization chamber whose dimension are of the order of a centimeter. 
Ionization is prcantel by a stream of electrons which enter through a col- 
lumating slot at one end, traverse the chamber to be collected at the oppo- 
site side by an anole. A fraction of the ions produced diffuse out through 
a slit in one side of the chamber and are then accelerated in an electric 
field maintained by an appropriate slit or electrode system. 

The filament may be made of tungsten or tantalum and used in the form 


of a thin ribbon or a helix, Heating currents for filmment cross-sections 
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commonly used is about 5 amperes, a.c. or d.c. Collimation of the electron 
stream is obtained with the aid of small electro or permanent magnets which 
provide a field of at least several hundred gases in the region of the ioni- 
zation chamber. Electrons emitted from the filament move freely along the 
lines of force but have low mobility in a transverse direction, On the othe 
hand, ions, because of their greater mass, can cross the field with relative 
ease when leaving the chamber, Electrons, therefore, leave the filament only 
in the direction of the anode or electron catcher to which they are acceler- 
ated by a potential of about 100 volts, In nearly all cases, the total elec= 
tron emission is less than 1 ma, Of the fraction of electrons which enter 
the chamber through the collimating slot, a large proportion are lost either 
to the walls by repeated collisions with gas molecules and ions, or are cap=- 
tured by ions, The remainder, make their way through the chamber to be col- 
lected at the anode. Filaments are operated emission limited and require 
good thermal regulation to ensure stable operation since the ion beam current 
is a rather sensitive function of the emission current. 

The slit system through which the ion beam passes serves both to ac~ 
celerate the ions to their final energy before entering the analyzing fields, 
and to focus the beam to the smallest possible angular spread. Numerous 
combinations of electrodes have been used to achieve these effects and two 
examples are shown in figure 116, 

Permanent gases, and vapors of volatile liquids, are introduced directly 
into the thi chamber through capillary tubes in which the flow is 
regulated by a valve or throttling device (9, 10, 11). Solid substances 
can be analysed usually by one of several methods listed below. 


Sublimation or distillation: Some metals, e.g., Li, Ca, Al, Mg., etc., 
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and compounds of less volatile elements umally in the form of solids, can 
be distilled from a hot filament or furnace in or near the ionization cham- 
ber. 

Sputtering: Substances which sputter readily will frequently give a 
measurable spectrum when a small pik ty is inserted in the ionization 
chamber near the exit slit. This effect can sometimes produce an undesir- 
able background spectrum when light elements are-used in the construction 
of the ionization chamber, e.g., glass, tin, aluminum, etc. =f 

Carriers: Heavy metals sometimes can be transported by a stream of 
chlorine or flourine which forms halides of the metals. Most of these ha- 


lids, however, condense at room temperature and it is therefore necessary 


to heat the sample and gas until itentered the ionization chamber. 


G. Detector Requirements 


The accuracy of measurements of relative abundance of isotopes or of 
the constituents of a sample under analysis depends largely upon the sensi- 
tivity, linearity and stability of the device used to measure the focused 
ion beams of different m/e. This places severe requirements on the detec- 
tor since the ion currents may range in magnitude from less than 10716 up 


to 1079 amperes. Hence, in addition to a high order of sensitivity, the 


response of an accurate mass spectrograph should be reproducable and depend- 


able over a range of beam intensity of the order of 10*, 


H. Photographic Plates 


The applications which have required the greatest accuracy have been 
determinations of isotope mass (relative to 0 = 16,00000) and relative ab- 


undance, In nearly all such determinations, photographic plateshave been 
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employed for ion detection, Since they are essentially an integrating devie, 
exceedingly small ion currents pene detected by prolonged exposure, and 
fluctuations in the current will not affect the accuracy of measurements of 
relative beam intensities. Both abundance and mass measurements are made 
from a microphotometric recording of the focal images on the photographic 
plate. The areas under each intensity. curve gives directly the relative 
abundance and the distance between maxima, the relative masses in the ap- 
propriate mass scale for the instrument. When a wide range of beam intensi- 
ties is analyzed,the response of photographic plates is not linear. In such 
cases it isnearly always necessary to make several exposures of different 
values of integrated current on the same plate, For the greatest accuracy 
calibration of the emulsion response of the plates should be carried out 
with respect to both the integrated current and also the ion veloctty since 
it is imnown that the darkening, i.e., mumber of grains reduced, also var- 
ies markedly with the ion velocity. This effect may, therefore, be appre- 
ciable over the length of the spectrum photographed at any one time. 
ieee euaieiors should be uniform and show little or no fog 
in development. Further, it is important in abundance measurements ‘ani 


no solarization occur around the most dense images. 


I, Electrical Devices . 
The earliest electrical devices for detecting ion bemms in mass spec~ 
trographs were electroscopes and electrometers. These instruments are cur- 
rent integrating devices and hence unsuited to rapid mass analyses, They 
have, therefore, been wholly replaced by vacuum tube amplifiers which pro- 


vide the requisite sensitivity but permit less sensitive meters and record- 


ing instruments to be used. Most frequently, the first stage of an ampli- 
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fying system is an electrometer type vacuum’ tube coupled directly to the io 
collecting electrode in the mass spectrometer. Two electrometer tubes with 
very high sensitivity and suitable characteristics have been developed spe- “ 
cifically for this type of application: the PP-54 (12) and the Vx-41 (13). 
The output current from this stage is further increased by additional stag= 
es of doc. amplification until it has reached sufficient magnitude to oper- 
ate a galvanometer and recording instruments (13, 17). 

The signal voltage driving the grid of the electrometer tube is derived 
from the voltage, E, developed across a grid resistor of the order of 10° - 
Tadd ohms through which the ion current passes to ground. The maximum sen- 
sitivity that can be achieved in circuits of this type is limited by the 
voltage € produced in the resistor by thermal agitation. This is given ap- 


proximately by the relation (14, 15, 16) 


$° 


40 TROF 


5 


absolute temperature, 
af = frequency band passed by amplifying system. 
Assuming the minimum detectable ion current, 153 is that which produces across 


the resistance R a voltage equal to e then 


1 1/2 


on =10 
i, = 1.29 x 10 (af) | 


11s chms ere difficult to obtein and still 


Values of R greater than 10 
more difficult to maintain at a constant value, Variations in temperature, 
and particularly in surface resistance, are sometimes difficult to control 


and may lead to transient changes in the sensitivity of the instrument. The 


band pass frequency can be made very small only when the ion uurrent is changed 
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very slowly. If the mass spectrum is scanned as in most recording mass spec- 
trographs by wecnty varias the magnetic field, af must be sufficiently wide 
to allow the comparatively low frequency fluctuation in a current to pass as 
ion beams of successive values of m/e reach the collecting electrode. 

Considerable care must be exercised in mounting and shielding electrome- 
ter tubes. The high sensitivity of this part of the circuit makes it also 
highly microphonic' and sensitivé to stray electromagnetic fields. Mounting 
is best accomplished by carefully shock mounting the tube in a rigid brass 
or copper can and, in the extreme cases, by evacuating the can to prevent 
sound transmission and changes in the surface resistance of both the grid 
resistor and the surface between the tube terminals. 

A modified scheme has been proposed by Nier (15) which enables rapid 
comparison of beam intensity of two values of W/e; CeEe, COp 44 and CO, 45, 
to be made with considerable accuracy. Two identical d.c. circuits amplify 
separately the ion currents from two electrodes properly spaced to recéive 
only beams of the two values of m/e to be okt RUE: After amplification 
the currents are balanced by an accurate resistor bridge with a galvano-= 
meter indicating the null position. The relative beam intensities are then 
given directly in terms of resistances in the two circuits. 

Other detector circuits have been proposed which utilize a,c. ampli- 
fiers and a pulsed ion beam to provide an audio frequency signal. In one 
system, this is done by oscillating the beam radius at a frequency of ap- 
proximately 200 cps (10). The pulse received by the collecting electrode 
re the beam sweeps past is amplified and observed on an oscilloscope or al- 
ternatively, after amplification it may be rectified to operate a d.c. re- 
cording meter. A second scheme accomplishes essentially the same result 


by pulsing the ion source. (18). 
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e4. TREATMENT OF BIOLOTICAL TISSUES FOR RECOVERY OF 


RADIOACTIVE ELEMENTS 


Methods for ashing plant and animal tissues have been described by many 
workers. Descriptions of satisfactory ashing methods are usually included 
with the corresponding analytical procedures, frequently with only slight 
variations from previously reported work, There are, therefore, very nearly 
as many ashing technics in biological work as there are methods for the esti- 
mation of inorganic elements. Since it is doubtful whether any one procedure 
can be said to be superior to the rest, only a general description of ashing 
technics, together with a few typical examples will be given. It should be 
possible to devise, from the information given, a method which will meet the 
specific requirements of a particular problem. 

A glance at the two tables copied from Hawk will show the relative 
amounts of inorganic elements wiich are to be found in human tissue ash (11) 


and in blood (12). 


Table 23 . INORGANIC COMPOSITION OF HUMAN BLOOD 


Normal Range 


Constituent mg. /100 ae 
Chlorides as NaCl 450-500 
Sulfates, inorganic, as S (Serum) 0.9-1.1 
Phosphorus, inorganic, as P (Plasma) 3-4 
Iron, as Fe : 52 
Copper 0,05-0,. 25 
Calcium (Serum) 9,0-11.5 
Magnesium (Serum) 1-3 
Sodium (Serum) 330 
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Constituent | mg./100 m1, 
Potassium (Serum) | 16-22 
Iodine (micrograms per 100 ml. ) 8-15 

Table 24 ° 


Inorganic Composition of Man 


Approximate Amount, 


Element Per Cent in grams, in a 
70-Kg. Man 
Oxy gen .65.0 45 ,500 
Carbon 18.0 12,600 
Hydrogen 10.0 7,000 
Nitrogen 5.0 2,100 
Calcium 1.5 1,050 
Phosphorus 1.0 700 
Potassium - 0.355 245 
Sulfur 0.25 175 
Sodium 0.15 105 
Chlorine 0.15 105 
Magnesium 0.05 35 
Iron 0.004 3 
Manganese 0, 0003 0.2 
Copper 0.0002 O.1 
Iodine 0.00004 0.03 
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In selecting ashing and purification procedures, the normal presence of these 
elements must be taken into consideration. The concentrationsof calcium, 
magnesium, sodiup, potassium, phosphorus, chlorine, sulphur, etc., in the 
ash will greatly influence their own recovery and that of other elements 
present in trace amounts. These concentrations will also dictate the course 


to be followed in the subsequent analytical procedures. 


A. Dry Ashing 
Ashing at 500-800° is generally carried out in platinum, porcelain, 


vycor, or nickel crucibles, although in general, platinum is to be pre- 
ferred. It can not be employed, however, if fluxes are used which contain 
such materials as potassium acid sulfate, sodium peroxide or hydroxide, ex- 
cessive amounts of potassium nitrate, or any compounds likely to liberate 
free chlorine. Such fluxes are not usually encountered in biological work, 
but if they are needed, it is advisable to use porcelain or vycor, providing 
that etching due to alkali is not objectionable. Admixtures of such materials 
as magnesium acetate, calcium hydroxide, etc., will not result in attack on 
the platinum. If the dissolution of ash requires the use of aqua regia, por- 
celain or vycor must be used, while platinum is indicated when hydrofluoric 
acid is employed. 

One of the most difficult problems encountered, when porcelain is used, 
is the fusion of the inorganic material with the crucible; this is a par- 
ticularly undesirable characteristic of some animal tissues. While the loss 
of a small portion of the sample, due to crucible fusion, may not appreciably 
affect the analytical results, it may preclude the subsequent use of this 
crucible. The danger of cross contamination, due to residual activity in 


laboratory glassware, must be kept in mind at all times; crucibles showing 
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unremovable residual activity should, therefore, be discarded. Furthermore, 
if fusion occurs, recovery of the ashed material is not only difficuit, but 
time-consuming. Vycor and platinum are more nab tataeenia: under these condi- 
tions, although, from an economic standpoint, it may be less expensive to 
use porcelain and to discard the crucibles if appreciable activity remains 
in them. 

For dry ashing, the muffle furnace, which has heating elements at the 
sides as well as top and bottom, is much to be preferred to gas burners. 

Not only is the ignition more convenient but it is also more uniform, due to 
simultaneous heating of the crucible from all sides. The muffle furnace 

has a disadvantage, however, when completely filled, in that the available 
oxygen inside is rapidly exhausted. When this condition is reached, the com- 
bustible gases produced will leave the furnace as a tarry and soot-laden 
smoke; the latter must usually be removed by forced ventilation. To avoid 
this and to aid in combustion, oxygen may be introduced into the furnace 
through the thermocouple housing, using a quartz tube. When this procedure 
is followed, the heating units must be reversed, if possible, so that the 
coils do not face toward the inside of the furnace, and, furthermore, the 
stream of oxygen must not be directed onto the thermocouple itself. 

The general ashing procedure consists of air drying the weighed sample 
at a temperature of 100° or slightly less, followed by ignition at 500-800° 
for a minimum of 2 hours. Samples which have been ground or macerated may 
be dried at reduced pressures; 100 mm. or less is recommended for grain and 
stock feeds, meat meal, plant tissues, etc., (13). Caution must be exer- 
cised in drying whole tissues, such as liver, since they tend to swell 
at elevated temperatures and, or, reduced pressures. Temperatures above 100° 


are permissable for removing the last portions of water and volatile oils. 
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Drying by means of overhead radiant heating has been found to be particularly 
useful with nearly all types of biological tissues, as well as with solutions 
of both organic and inorganic compounds. 

In many cases the mgterial to be ashed is already dry enough to place. 
in the muffle furnace. Ground grains, bone, and the woody portions of stan 
for instance, seldom need to be dried before ignition, 

When possible cross contamination or contamination of the muffle furnace 
is likely to influence the results, it is best to place the samples in a cold 
furnace and to allow the temperature to rise gradually to the value desired. 
Rapid ashing produces volatile gases at rates which are sufficient to carry 
small amounts of the material out of the crucible, Thus, radio-active de- 
posits will collect on the walls and floor of the furnace as well as in the 
adjacent crucibles. 

The duration of ashing, and the temperature, must be considered in rela- 
tion to the volatility of certain compounds. For example, some iron generally 
will be lost as ferric chloride, phosphorus as phosphoric acid, sulfur as 
sulfur di and trioxide, fluorine as hydrogen fluoride or silicon tetrafluoride, 
chlorine as hydrogen chloride, etc. Because of the difficulty of completely 
mixing samples with additives which are designed to prevent these losses, 

100% recovery of some elements ie impossible. From a quantitative standpoint 
these losses may be inconsequential, but they must be considered in light of 
the possibility of serious radioactive contamination. Wherever feasible, 
therefore, wet ashing should be considered if the radioactive element is likely 
to be volatized at muffle furnace temperatures. 

For radioactive tracer studies, ashing to constant weight is not impor- 

; tant. The aim is solely to decompose the tissue to the point where organic 


compounds, which are likely to interfere in the subsequent analysis, are 
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completely decomposed. Ashing beyond this point, or to oxidize the last traces 
of carbon, is unnecessary and wasteful of time. Further investigation of 
minimum temperature and time for eliminationof organic compounds is indicated. 
The use of perchloric acid after such incomplete ashing should not only be 
safe, but should also facilitate the dissolution of the inorganic salts. 
The loss of i:portant elements from the tissue ash might very well be elimina- 
ted by this less vigorous procedure; compounds difficult to dissolve should 
not be produced so frequently. 

Aids to ashing have been employed with considerable success. Calcium 
nitrate, magnesium acetate, and mixtures of calcium and aluminum nitrates 
may be advantageously used. These salts act not only to supply oxygen, but 
they also increase the bulk of the ash and render it more amenable to dis- 
solution. The use of these aids is indicated with samples producing little 
or no ash of their own; for example, fatty tissues and carbohydrates. Mag- 
nesium acetate in alcohol is particularly recommended for use with such fine- 
ly ground material as flour (14). Fusion of material with the crucible is 
practically eliminated when ash-aids are employed. Etching of the glaze on 
porcelain is not coftpletely prevented, however, and chlorine attack on 


platinum, due to oxidation of chloride by nitrate, is likely to occur, 


B. Wet Ashing 


Less drastic than furnace ignition, but more satisfactory in many re- 
-spects, are the procedures for oxidation of organic material in solution. 

Wet digestion may require more attention and will frequently be slower than dry 
ashing, but, on the whole, these disadvantages are more than offset by the 
superior resultsobtained when the quantitative recovery of certain elements 


is desired. The choice between wet and dry ashing is based, therefore, upon 
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- consideration of the likelihood of loss by volatilization at higher tempera- 
tures versus the inconvenience in increased time and labor of digestion at 
lower temperatures. Maximum wet digestion temperatures are governed by the 
boiling point of the solution in which this digesting occurs, providing the 
samples are not taken to dryness, and are roughly 400 to 500° © lower than 
the usual minimum dry ashing temperatures, 

The Kjeldahl procedure, with modifications, utilizes concentrated sulfuric 
acid as an oxidizing agent and has been by far the most widely used method 
of digesting vlant and animal tissues. In addition to this acid, potassimm 
sulfate or persulfate together with a catalyst such as copper, mercury, or 
selenium, are generally employed. Perchloric acid, as shown below, may be 
used to great advantage with sulfuric acid, as a modification of the original 
Kjeldahl method. 

Nitric acid and mixtures of nitric acid with hydrochloric acid, hydrogen, 
peroxide, or perchloric acid, have been successfully applied in wet ashing 
procedures, and are to be preferred whenever the introduction of excess 
sulfuric acid or sulfates is disadvantageous. 

Extensive work has ‘tai carried out by Smith (15) and by Kahane (16) 
on the use of perchloric acid for the digestion of organic material. The 
former author's publication includes a review of the literature through 1940, 
and a compilation of some of the more imoortant procedures employing this 
reagent in conjunction with sulfuric and with nitric acid. Since these pro- 
cedures are of considerable value to the biologist, the principles upon which 
they are based, as outlined by Smith (15), are quoted herewith in detail, 

"Cold dilute or concentrated perchloric acid is not reduced by organic 
matter, nascent hydrogen, by electrolysis or catalytic hydrogenation, by 


hydrazine or hydroxylamine or Devarda's alloy, sodium amalgam, hypophos- 
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phorus acid, or sodium hydrosulfite. Perchloric acid is quantitatively re- 


duced: by a large excess of titanous ion only after long continued boiling. 
Organic matter from certain animal and vegetable sources can be oxidized at 
the boiling temperatures of 70-72 per cent perchloric acid only after an hour 
to several hours' boiling. For example, coal requires from 1-5 hours! boiling 
and leather an hour or more for complete destruction of the organic matter. 

In these cases the reaction for quantitative determination of metallic or 
non-metallic elements must be hastened by the use of catalysts, such as 
chromium, vanadium, or osmic acid. Large amounts of elemental sulfur “~e 
safely oxidized by boiling with concentrated perchloric acid." 

"Hot concentrated perchloric acid (60-72 per cent) reacts with explosive 
violence with organic matter from many sources. Inorganic reducing agents 
such as hypophosphorus acid, hydroxylamine, and hydrazine, explode with 
hot, concentrated perchloric acid. Oxidizable metals such as chromiun, 
vanadium, and iron are smoothly oxidized b, hot concentrated perchloric acid 
to chromic and vanadic acid and ferric iron only at temperatures in the range 
of 200°C. In these cases the excess oxidizing agent is made inactive by the 
simple process of cooling to ordinary temperatures. In this manner the oxi- 
dized elements are determinable, using the ordinary standard reducing agents 
without the slightest interference from the excess perchloric acid." 

"If organic matter reacts violently by boiling with hot, concentrated 
perchloric acid the reaction intensity is effectively slowed down by the 
following methods: | 3 

1. Dilute perchloric acid (40-60 per cent) is added to the organic 
matter and the mixture concentrated slowly by heating until the 70-72 per 
cent strength is attained. The range of concentration governs the speed of 


oxidation of the organic matter, 
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: 2. Nitric acid (sp. gr. 1. 42) is used to destroy the easily aed 


portion of the organic matter, after which concentrated (72 per cent) per- 
_chloric acid is added and the remaining difficulty oxidizable material 
quietly oxidized at the boiling temperature, approximately 200 degrees C. 

5. A mixture of viens nitric and perchloric acids is heated with 
the organic matter. 

4. Concentrated perchloric acid is diluted by the addition of strong 
sulfuric acid, A suitable mixture consists of one volume of 72 per cent per-= 
chloric acid diluted with two volumes of 80 per cent sulfuric acid. 

5. A mixture of concentrated nitric, perchloric and sulfuric acids is 
employed. 

6. For the destruction of organic matter in large amounts a digestion 
with concentrated sulfuric acid at approximately 200 degrees C is treated 
dropwise by the addition of concentrated peieniaeses acid as fast as it is 
consumed. Animal organisms such as liver, brain, and kidney in amounts 
up to and including one kilogram have been effectively oxidized in this 
manner," 

"Other properties of perchloric acid in addition to the above add to 
its advantages for the various quantitative applications in which it is 
employed. All metallic perchlorates are soiuble in water and in a great 
variety of organic solvents. Hot, concentrated perchloric acid is a strong 
dehydrating agent, for example, silicic acid is quantitatively dehydrated. 
By the processes for the destruction of organic matter as described the fol- 
lowing elements are retained qu ntitatively, P, S, Si, Fe, Cr, Al, Ca, Mg, 
and K. Under special conditions arsenic is quantitatively retained." 

In his publication, Smith quotes as follows from the work of Kahane 


(16): "These descriptions give a somewnat incomplete idea of the variety of 
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procedures which are possible of utilization. In reality there are advan- 
tages to be derived from the use of perchloric acid in all wet oxidations 

at temperatures of 150-200 degrees C, in which range its oxidizing power 

is effective. Perchloric acid then brings to bear an exceptionally rapid dis- 
solving and oxidizing reaction in cases previously considered difficult to 
master. On the contrary the operator must follow strict rules in order to 
avoid unfortunate accidents. It is not necessary to know these rules when 
a series of known procedures are being followed such as those described in 
this work, but it is indispensible to assimilate them before attempting 
original research concerning the use of perchloric acid in unexplored fields 
or under conditions notably different from the usual case... ." 

"The advantage which it is important to being out in the first place 
is the rapidity of the destruction of organic matter using perchloric acid. 
The duration of the reaction is naturally variable with the nature of the 
heating and it is necessary to carry out a given operation several times to 
neuaie maximum aie gees: It varies, likewise, with the nature of the sub- 
stance and the technique of destruction adopted. . . The attack is gen- 
erally more rapid on vegetable substances such as cellulose or starch, it 
is slower with fat laden materials. It is very slow with oils and especi- 
ally so for those rich in carbon." 

In concluding his discussion, Smith states: “A few additional facts 
should be kept in mind using concentrated perchloric acid as oxidizing 
agent. Hot, concentrated perchloric acid in addition to its oxidizing 
properties is an efficient dehydrating agent. Therefore, a mixture,of, 
for example, glycerol and verchloric acid when hot is the equal of glycerol 
plus nitric acid plus sulfuric acid. The hot, dehydrating perchloric acid 


serves to esterify the glycerol anc as a resuit the strongly oxidizins 
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C104 group is introduced into the molecule. Whether or not the perchloric 
acid ester of glycerol is equal in explosive power to nitroglycerine is 

not known. The corresponding ethyl ester of perchloric acid is violently 
explosive." 

"Organic molecules that contain hydroxy-groups might be predicted to 
reach with violence in the presence of hot, concentrated perchloric acid. 
Hydrocarbons such as paraffin, rubber, and rosin might be considered safe 
while sugar, starch, cellulose, etc., are easily broken down by the prelimi- 
nary action of nitric acid with rapid and complete destruction by the sub- 
sodiant perchloric acid effect. Succinic acid might be considered as similar 
to a hydrocarbon ia tartic acid as intermediate between an hydroxyl com- 
pound and a hydrocarbon. Organic ring nitrogen compounds are the most diffi- 
cult to oxidize of all types. Coal for example requires the addition of 
catalysts to speed up its destruction by hot perchloric acid, if excessive 
time periods are not to be required," 

"The question of the use of filtrates from quantitative separations in 
which such reagents as cupferron and 8—hydroxy-quinoline, etc., have been 
used previously as precipitants, often requires destruction of the organic 
matter prior to subsequent operations. Filter paper, cellulose or cotton 
are frequently desirable of decomposition to recover mineral constituents 


absorbed by them, Such problems as the removal of tartaric acid froma 


solution in which it has been used to prevent precipitation of iron, for 


example, are frequently met. These and many similar problems are readily 
and efficiently solved using an attack by sulfuric acid and perchloric 


acid or perchloric acid alone.” 


25. THE PREPARATION OF THIN FILMS OF RADIOACTIVE ELEMENTS BY ELECTROLYSIS 


A. General Considerations 

Although many methods have been proposed for the preparation of thin 
films which may be used for radioactivity measurements, probably the most 
convenient and satisfactory is the electrolytic. Under properly controlled 
conditions it is possible either to electroplate or to electrodeposit many 
of the elements quantitatively from solutions of their salts and the resulting 
film can be made quite uniform in thickness, If the apparatus is correctly 
designed, the area which this film covers will be both accurately fixed and 
reproducible, ; 

With certain minor modifications, the electrolytic methods generally 
employed for quantitative chemical analysis are readily applied to radio- 
assay. For the most part, these methods are for electroplating rather than 
electrodepositing. The term "electroplating" is usually taken to mean the 
formation, by electrolysis, of a closely adhering metallic film. "Electro- 
deposition} on the other hand, may have this same meaning, or it may refer 
to the electrolytic formation of a non-metallic layer, closely adherent or 


not, on the electrode. It is in the latter sense that it is employed here, 


B. Electroplating 


If two conductors are placed in a solution of an electrolyte, such as 
sodium chloride, with one conductor connected to the positive pole of a 
storage battery, and the other to the negative, it will be observed that 
gas bubbles will be formed on both conductors. These positive and negative 
conductors, or electrodes, are referred to as “anodes" and "cathodes", re- 


spectively, and the reactions which occur on them are known as electrolysis: - 
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Anode reac*ion: 2H20 mirus 4e ---- 09 (gas) plus 4H 


Cathode reaction: 4H20 plus 4e ---- 2H2 (gas) plus 40H™ 


Thus it will be seen that oxygen gas is formed at the anode, and the 
solution surrounding it becomes acidic, while hydrogen gas is formed at 
the cathode, where the solution becomes alkaline, In analytical practice, 
the solution is contimnously stirred so that the excess of acid (H+) sha 
alkali (OH-) neutralize each other, again forming water. The number of elec- 
trons, e, which are taken away at the anode exactly balance the number added 
at the cathode. The corresponding chemical reactions are known as "oxidation" 
and "reduction", respectively. Thus, oxygen atoms with a valence of = 2 are 
oxidized to zero charge at the anode, while hydrogen atoms with a charge of 


+ 1 are reduced to zero charge at the cathode. 


Table 24a. EBLSCTROLYSIS TERMINOLOGY AND REACTIONS 


a rt 


Electrode Battery Electron Chemical Valence 


name connection direction reaction change _ Examples 
ee i i SSE 
Anode Positive Sol. to Oxidation Increase Fett-- Fettt,2c1- -. Clo 
Anode 


Cathode Negative Cathode Reduction Decrease Fettt-. Pett pet+i. fe 
to sol. 


If the solution being electrolyzed contains copper sulphate instead of 
sodium chloride, then, at the cathode reduction of copper will occur, forming 
a "plate" of metal: 

CuSO4 + 2e ---- Cu (metal) + SOg™ 
While this reaction is occuring, hydrogen ions will also be read’ at 


the cathode. Since these two reactions occur simultaneously, the equivalent 


i 5669 549 


ratio of gas formed to metal plated will give a measure of the efficiency of 
the plating reaction. In practice 100% plating efficiency is rarely achieved; ~ 
indeed, the plating efficiency decreases nearly to zero as the metallic ion 
concentration in the solution is reduced. For this reason it may often take 
very much longer to plate the last 100 micrograms of a 10 mg. sample, than it 
does to plate the first 9.9 mg. The efficiency of electroplating may be in- 
creased toward the end, however, by raising the solution temperature, i.e., 
by increasing the ionic mobility. 

7 Among the elements which have been successfully electroplated from 
aqueous solution, are Cu, Ag, Au, Zn, Cd, Hg, Sn, Pb, Sb, Bi, Cr, Fe, Co, 

Ni, and Pt. Al and several other metals, which are not reducible in aqueous 
solution, may be plated from organic solvents. In the group of electro- 
deposited elements are, among others, U, 0, and F, as UOg and UF4, and Th, 
Fe, C, and N, as ThFe(CN)g. Quantitative procedures for electrolyzing most 
of these elements are well known, although only a few have, as yet, found 
“use in radio=-chemistry. 

In general, the methods for commercial electroplating an not be success= 
fully applied in analytical work, although the chemical principles and reac= 
tions of both procedures may be identical. This is true, essentially, because 
the conditions of temperature, ionic species and concentration, current, 
voltage, etc., required for quality plating, do not necessarily satisfy the 
requirements for quantitative recovery. It is advantageous, however, to obtain 
a smooth, shiny film whenever possible. Rough films are likely to be porous 
and esis therefore occlude extraneous salts from the electrolysis solution. 
Colloids are frequently used to improve the electroplate, but no specific rules 


can be given to govern their use, 
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C. Apparatus 


Many types of electrolysis cells and stirrers have been designed and 
used by the various groups which are investigating the field of radio-assay,. a 
Unfortunately, many of these developments, like those of the chemical pro- 
cedures, have not found their way into the published literature. 

The simplest electrolysis apparatus will have a rotating anode of 
platinum or platinum-10% iridium wire, This wire is usually coiled in a 
flat spiral, and serves both as a conductor and a stirrer. A platinum dish 
contains the electrolysis solution and serves as the cathode. Alternatively, 
cathodes consisting of thin discs are probably the most convenient for both 
gravimetric and radiometric measurements, 1" or 1-1/2" diameter cathodes are 
most frequently employed. These vary in thickness from 0.0005" to 0.005", 
depending upon the cost of material, the ease of handling, and the effect 
of background scattering on the counting rate, 

A glass cylinder and gasket, each having the same i.d., and o.d. 
of either 1" or 1-1/2", generally constitute the body of the cell, The base 
is constructed so that it either serves for the cathode connection itself, 
or a separate connection is incorporated in it. Finally, some means must be 
provided to hold the glass tightly against the base with the gasket and 


cathode in between. 
D. Anodes 


Platinum wire or gauze anodes have been almost universally used for 
laboratory electrochemical reactions, prircipally because they are very 


passive. Platinum has some limitations, however, of which cost is not the 


least. Electrolysis of acid chloride solutions produces free chlorine at the 


anode and in the presence of this gas, platinum loses its passivity to 


some extent and small but appreciable amounts are dissolved. This reaction 
increases with hyirochloric acid concentration, temperature, and current 
density, but is minimized if the platinum is alloyed with 10% iridium. 

Similar attack occurs if electrolysis takes place in an alkaline solu- 
tion containing free amnonia. This attack will not be very great if the 
current density and ammonium hydroxide concentration can be kept low; it 
may account for cathode deposits of 0.1 to 0.2 mg. if lengthy electrolyses 
are carried out, however. 7 

Substitutes for platinum have not proved too satisfactory for quanti- 
tative analytical work, since most are attacked in either adid or alkaline 
solution. If the cathode film need not be weighed, alloys of the 18-8 
variety of stainless steel sometimes may be used; carbon or graphite may be 
employed if anodic oxygen is not formed and if the rods are not appreciably 
porous. Tantalum can not be used because it forms an oxide coating which 
prevents the flow of current from eae a anode, although the reverse 


process occurs with ease, 


E. Cathodes 
The selection of a satisfactory metal for electroplating or electro- 

deposition depends largely upon whether gravemetric as well as radiometric 
assay determinations are to be made. If the cathode film is to be weighed, 
it is best to employ platinum discs; ii not, copper, iron, ctc., may be 
used. Furthermore, if the film is to be ignited or calcined, vlatinum 

is to be “referred; it must be used if both heating and weiching are 
necessary, of if the film is later to be recover.d quantitatively and pure. 


In most cases gold may be substituted for platinum, and it is frequently 
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more economical to do so, 

It is generally assumed that cathodes of gold or platinum will be 
cleaned off and reused. Under some conditions it may be impossible to 
remove completely the radioactive film, in which case the discs nust be 
discarded, or the activity of each recleaned disc must be recorded before 
it is next used. When these alternatives are either impractical or uneconom- 
ical, gold-plated copper discs may be subdstituted., A commercial plate of 
0.0001" is relatively inexpensive. *he plating process is usuaily carried 
out using strips of shim stock copper, exposing both sides, and the discs 


are punched out later. After use, the plated gold may be reclaimed, although 


it is safer to discard the discs rather than to reuse the recovered gold 
since the latter may contain contaminating radioactivities. 

While most of the elements which can be electroplated will plate out’ | 
on, and adhere to, copper, platinum and gold, there is no hard and fast 
rule which can be used to dstermine exactly what results will be obtained 
with each element and each cathode. Both electronlating and electro- 
deposition are greatly influenced by the character of the cathode surface, . af 
as well as by the comppsition of the electrolysis solution. Cathodes of 
the same material will vary from lot to lot, and even from front to back, 
For these reasons, duplicate determinations will frequently produce films 
greatly different in appearance, and possibly in composition or crystal 
structure. Presumably identical electrolysis solutions and cathodes will 
frequently show wide variation in gas production, even ttough the currents 


and anode potentials are the same. 


The formation of satisfactory films by electrodevosition is more 


critically influenced by the character of the cathode surface and solution Ik 
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composition than is suck formation by electroplating. The greatest problem 
in electrodeposition is to ootain a film which will adhere to the electrode 
and it is for this reason that etching of the surface may be advantageous, 
Inasmuch as no definite ST hak sdhnaaige Lane be given in every case regarding 
the selection of a satisfactory cathode, it is often necessary to try each 
metal in turn, starting with rbetiiiasi or copper, 

Since the cathode surface is so imvortant to satisfactory film forma- 
tion, thorough cleaning of discs can not be over emphasized. Surface 
impurities result from rolling, handling, peg oxidation, and attack by 
moist air containing small amounts of such gasses as SOo, HpS, HCl, HNO., 
etc., which are not usually excluded from the air in the laboratory. 

The greasy coating due to handling should be removed before the oxide 
and salt coating, unless removal of both can be accomplished together. The 
noble metals, gold and platinum, are readily cleaned by immersion in warm 
concentrated sulfuric acid-dichromate cleaning solution, and if desired, this 
treatment may be followed by boiling in either concentrated nitric or hydro- 
chloric acid. 

Copoer and iron may be degreased with organic solvents, or by im-ersing 
for a very short period in the dichromate cleaning solution, followed by 
washing with hot water, or they may be cleaned with fine sand vaper. After 
any of these procedures, immersing tis cold dilute hydrochloric or nitric acid 
will complete the cleaning. Nitric acid will attack and etch the copper 
surface faster than hycrochloric, while the reverse is true with iron, and 
3 advantage may be taken of these rate differences to effect cleaning with 
or without avpreciable etching. As pointed owt above, it may sometimes be 


advantageous to etch the cathode during cleaning, using aqua regia or 
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sandblasting if necessary. Rinsing of discs in acetone before drying is 


particularly recommended for cathodes which are easily oxidized. 


if Electrodeposition 


The electrodeposition process involves not one, but two different chemi- 
cal reactions; namely, oxidation or reduction, and concurrently, precipitation 
of an insoluble salt on the electrode, Electrodeposition, unlike electroplat- 
ing, can occur on either the anode or the cathode. Anodic depositions, although 
reported in the literature, have not, as yet been successfully applied to the 
problems of radiometry. Anodic films of lead sulfate and oxide, and of manga- 
nese oxides, for example, have been produced, but procedures for quantitative 
recovery, by this means, have not been worked out. 

The underlying principle upon which electrodeposition is based can be 
explained as follows: A cation, A, which can exist in solution in either of 
two or more valence states, is oxidized sapien anode and reduced at the cathode, 
An anion, B, also in solution, but neither electrolytically oxidizable or redu- 
cible, forms an insoluble compound either with the reduced cation but not the 
oxidized, or with the oxidized but not the reduced. If the reducted cation de- 
posits with B, then cathodic deposition is obtained, and by the converse process, 
anodic deposition may be obtained. These reactions may be represented as fol- 
lows: 


mM (x+y) 


are the cation electrode reactions, where x has a value between 1 and 3, and the 
quantity (x + y) has a value between 2 and 5. If the anion B has a valence of 
-z, it will form two salts with A; namely, A,B, and A,B(x 4 y)- For electrode 
film formation, one of trese mst be insoluble in the electrolysis solution, 

Of necessity, the cation must be introduced into the electrolysis solution 


in such a valence state that it will not form this precipitate in the 
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solution itself, 

: Neglecting valences and electrolysis reactions for the moment, one other 
consideration is important; namely, the independent role which B plays in 
forming and maintaining the precipitated film. The reaction which occurs may be 
represented as: 

A (ion) plus B (ion) “Zrrrzzzzz=z. «AB (precipitate). 
The equilibrium constant for this reaction, Kg,, equals the product of the con- 
centrations of A and B; the value of each of the latter is squared or cubed, 
etc., depending upon whether 1 or 2, etc., ions are concerned in forming the 
precipitated molecule. Therefore, the greater the concentration of B in solu- 
tion, the smaller will be the concentration of A wnen equilibrium is reached, 
and thus, the more quantitative the recovery. 
The electrodeposited film, however, is not only slightly soluble in water, 

but is usually dissolved by acid or base, or by complex ion formation. If the 
sinien of solution by any one or combination of tnese reactions is faster than 
the rate of valence change and precipitation, no electrode film will form A 
rather delicate balance of these reaction rates is usually necessary if quan- 
titative results are to be achieved and such side reactions must be eliminated 


or minimized. 


G The Electrolysis Current and Voltage 


A convenient power supply for electrochemical reactions is the ordinary 
6 volt storage battery. Voltages above 12 are not usually necessary, and a 
parallel, or series=-parallel arrangement of two or four batteries will supply 
as much power as will, in general, i needed for routine analytical work, 
Electrolyses from non-aqueous solution, however, may require much higher 


voltages, in which case a vacuum tube d.c. power supply will be much 
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more convenient tan either batteries or a generator. 

Means are generally provided, in the electrical circuit, for some 
type of voltage, and consequently, current, control. When the power is 
supplied by storage batteries, voltages may be varied by selecting the 
number of cells. Intermediate voltage control can then be accomplished 
by using a suitable variable resistance, which is connected in series with 
the electrolysis cell, 

In addition to voltage regulation, three additional independent variables 
will influence the electrolysis current; namely, the distance between anode 
and cathode, the resistance of the electrolysis solution, and the electrode- 
solution boundary resistances. The electrolysis solution resistance, in turn, 
is dependent upon the ion concentration and upon the temperature of the 
solutions; increasing either one decreases the resistance. 

The desired electrochemical reactions occur only at the boundaries 
joining the electrodes and the electrolysis solution; therefore the potential 
drop across each of these boundaries is of considerable importance. These 
electrode voltage drops determine which reactions will oceur, and the current 
which flows determines the reaction rates. If either of the ‘cniitiiaey tential 
or that of the solution, is too high, little or no current will pass through the 
cell, and, consequently, the reaction rates will be negligible. 

The minimum electrode reaction potentials are determined by first, the 
back i uihe, which is the potential with which the particular reactions 
tend to reverse themselves, second, the "passivity" of the electrodes, and, 
third, the "polarization" within the boundary. The last named phenomenon Bi 


results, primarily, from localized concentration changes of the electro= 
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sis solutidn; passivity is due to electrode surface conditions for which 
discussions will be found in standard texts. An electrode becomes polar- 
ized due to the progressive removal of one or more ions, by reduction or 
oxidation, within the boundary; equilibrium is regained or maintained by 
rapid stirring of the solution. The net result of the above three factors 
is to establish a minimun potential below which little or no current will 
flow and no reactions will occur, and above which a rapid increase in 
current is obtained. 

The polarization of an electrode, which is required to produce a given 
irreversible reaction under given conditions, is known as the overvoltage 
of this reaction. Overvoltage values for the same reaction vary consider~ 
ably, depending upon the electrode material and surface condition. Thus 
the hydrogen overvoltage for a platinized-platinum cathode is lower than 
for smooth platinum, which, in turn, is lower than for mercury, and 
so forth. | 

The importance of hydrogen production at the cathode may be illus- 
trated by the following example: if the electrode e.m.f. for the reaction 
or reduction of A is 0.5 volt, and the hydrogen overvoltage is 1.0 volt, 
reaction A will begin when the potential slightly exceeds 0.5 volt, and 
will continue with little o: no hydrogen evolution until the »votential reaches 
1.0 volts. At this point hydrogen gas begins to form, and as the voltage 
increases, both hydrogen formation and reduction of A occur together, 

The reduction of hydrogen at the cathode is accompanied by the formation 
of hydroxyl ions. These, in turn, may exercise considerable influence on 
the reduction of A, or upon the character of the reduced film. If this in- 


fluence is deleterious, then voltages below the hydrogen overvoltage 
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should be employed. On the other hand, increased alkalinity may be helpful; 
furthermore, the presence of hydrogen gas within the body of the solution 
may cause reductions which will aid in the quantitative recovery of A. 

When the hydrogen overvoltage is much lower than the voltage nesessary 
for the reaction A and the applied voltage is between the two, then no 
reduction of A will occur, and only hydrogen gas will be formed. To over- 
come this, a different cathode material with a higher overvoltags may be 
used, or, the voltage may be increased to the point where reaction A begins 
to occur, whereupon the cathode becomes coated, and the hydrogen overvoltage 
increases to a value which is characteristic of a cathode made of metal Ae 
Of course, if the hydrogen overvoltage of the latter metal is Lower than 
the voltage necessary for its plating, then the reduction rate may be very 
slow, and may not occur quantitatively within a finite time. 

Oxygen overvoltages, and the formation or lack of formation of oxygen 
gas and hydrogen ions, should be considered in exactly the same relation, 
but with respect to the anode. However, since most of the electrolysis 
work with radioactive materials will be concerned with cathodic film 
formation, anodes with low oxygen overvoltages should be employed; this 


condition is adequately met with in platinum. 
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*6¢ TRON DETERMINATION. ELECTROPLATING AND ANALYSIS 


The following procedures are quoted practically verbatim from the work 

of Hahn (1): 
A. Electroplating 

"The iron or tissue sample has added to it enough ordinary iron in the 
form of ferric chloride to make the estimated total iron about 5 to 10 mg. 
In the case of tissues or samples containing organic material or iron in 
the form of some complex, the sample is first wet-ashed. With phenolsul- 
fonphthalein as an indicator, the digest is brought nearly to neutrality 
with 40% sodium hydroxide and transferred to one or more 50-ml. centrifuge 
tubes. More sodium hydroxide is then added until it is well over the alka- 
line end point and the iron hydroxide is allowed to precivitate overnight. 
Following centrifuging, the supernatant liquid is decanted and the precipi- 
tate is dissolved in a few drops of concentrated hydrochloric acid. Usually 
it is advisable to reprecipitate once to remove excess ammonium sulfate 
which is entrained. After being heated nearly to dryness to remove the 
excess hydrochloric acid the sample is transferred to the electroplating 
cell." 

"Fifty milligrams of cevitamic acid ee added, followed by 8 drops of 
25% ammonia solution. Two milliliters of a saturated solution of sodium 
citrate are added, making a total volume of 20 to 25 ml. The material is 
plated out at an e.m.f. of 6 volts and a current of 500 milliamperes at the 
start. As plating proceeds the current is allowed to increase spontaneously 
to 550 to 400 milliamperes, The complex formed by the mixture of these 
reagents di soluble and allows the plating to proceed in alkaline solution, 
| resulting in a smooth, even, shiny plate." 


"In many instances plating was complete in 2 hours or less, but it was 
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felt advantageous to allow 3 hours to ensure a negative test for iron in 
the electrolyte. At first the electrolyte is a deep brown color, which 
gradually lightens until it is almost colorless when electrolysis is com- 
plete. The electrolyte can easily be tested for the presence Se reside? 
iron by a semi-quantitative use of the thiocyanate test. After acidifying 
the electrolyte with a few drops of concentrated hydrochloric atid, a 
few drops of a solution of (50%) ammonium thiocyanate are added and the 
intensity of color is noted. Following a good plating operation the reac- 
tion is either negative or indicates the presence of from 0.01 to 0.05 
mg. of iron. This amount corresponds to deposition of over 99% of the iron. 
When plating is completed the cevitamic acid has presumably been entirely 
used up and there has been sufficient anodic oxidation to make it unnecess- 
ary to modify the test further to obtain an adequate reaction with ferric 
iron. At the beginning of a typical electroplating run the pH of the elec- 
trolyte was found to be 8.8 and at the end it was 8.3. 

"This procedure is obviously a highly empirical and electrically in- 
efficient one. However, it has given excellent results in the authors’ 
hands and as many as 100 shiny, evenly distributed plates’ have been 
obtained consecutively without a positive analysis for residual iron." 

In carrying out Hahn's method, it will probably be found more con- 
venient to add the cevitamic acid in solution. For this purpose, a freshly 
prepared 5% solution in 0.01 N HCl will be satisfactory. Since cevitamic 
acid undergoes a reversible oxidation below pH 4.0 and an irreversible one 
in more dilute acid or in alkaline solution (2), it is recommended that 1 
ml, of this reductant be added as directed, and again after one and after 
two hours, thus insuring the presence of a sufficient amount of the reagent 


at all times. This same reagent solution may also be used in the analytical 
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procedure, below. 

In the presence of citric acid, the thiocyanate test for ferric iron 
may be negative, due to the formation of a ferric citrate comples (3). 
Furthermore, successive sshtticne of cevitamic acid may reduce nearly all 
the iron to the ferrous state. In testing the electrolysis solution for 
residual iron, therefore, it will probably be better to remove an aliquot, 
reduce with hydroxlyamine in hydrochloric acid solution, and then to apply 
the YU, % -dipyridyl test (4). Acidifying the- electrolyte in the cell etce, 
in order to make the thiocyanate test as outlined by Hahn may give erroneous 
results, due to the dissolution of some iron from the cathode by the hydro- 


chloric acid. 


B. Iron Analysis 
"The method for determining total iron is a simple modification of 


the &,Q -dipyridyl reaction described by Hill." 

“An iron standard is made from Mohr's salt or ison wire, such that it 
contains 1.00 mg. of iron per ml. of solution. From this a dilute standard 
which contains 0.01 or 0.05 mg. of iron per ml. is prepared at intervals." 

"An aliquot of Like unknown material estimated to contain approximately 
O.1 me. of iron, and the dilute standard, a run simultaneously in 25 os 
volumetric flasks. A pinch of cevitamic acid is added to each to reduce the 
iron to the ferrous form and 15 ml. of a sodium acetate-acetic acid buffer 
solution (pH 5.4) are added. One milliliter of a 0.2% solution of o@& , oa 

-dipyridyl solution in 10% acetic acid is added and the sample is diluted to 
volume with distilled water, After mixing and allowing to stand at room 
temperature for 0.5 hour the colors are read in a Klett-Summerson photo- 
electric colorimeter using a Klett No. 54 (500 to 560 mu) filter." 


"When tissues are to be analyzed, the amount of material taken is 
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such that it contains an estimated 0.5 mg. of iron, which is enough for several 
determinations, Wet-ashing with concentrated sulfuric acid and 60% perchloric 
een is carried out as described elsewhere. After being diluted toa siowe 
volume, an shiquot is titrated against strong ammonium hydroxide, using | 

methyl red as an indicator, This same amount of am:onium hydroxide is then 
added to an aliquot to be used for the iron determination and the procedure 

as outlined above is followed. If the colorimetric reading is + 20% of the 
reading of the standard the determination is repeated, using a larger or smaller 
aliquot of the ashed material with a corresponding amount of ammonium hydroxide. 
The method is rapid and simple and has given good results with a moderate 
amount of practice." 

If Mohr's salt (ferrous am-onium sulfate) is used to prepare the standard 
iron solution, sufficient acid must be added to prevent hydrolysis. Oxidation 
of the iron by atmospheric oxygen can not be prevented by the addition of AY 8 
however, so that upon standing both ferrous and ferric iron will be present. 
The tendency of the latter to hydrolyze is fuser than the former, but 
if sufficient acid, preferably hydrochloric, was originally added to the 
ferrous solution, no precipitation of basic ferric salts should occur, and the . 
standard solution may therefore remain clear indefinitely. Under other condi- 


tions it will become opalescent after standing for some weeks. 
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27, THE RECOVERY AND ESTIMATION OF GOLD 


The ake for gold reported by Dunn (5) is outlined below, It 
has been successfully used for everal months in the Division of Medical 
Physics, wikuame tics of California, Inasmuch as the chemistry involved is 
uncomplicated by interfering side-reactions, the procedure is relatively 
simple and rapid. 


A. Procedure 


The weighed tissues are digested in 25 ml. Erlenmeyer flasks, using 
either aqua regia, or concentrated nitric acid plus superoxol. In either 
case, only small amounts of reagent are added at one time. If apoatatee 
frothing is encountered, one drop of octyl alcohol is added. Complete oxi- 
dation of ae latter, as well as the tissue, must be accomplished before’ 
uccet ee furtner. : 

As a pureiae, 2.0 ml, of a reagent grade gold chloride solution may be 
added either before, during, or after digestion, although addition at an early 
stage in the digestion is recommended. The concentration of this solution 
should be accurately known, and the solution should contain approximately 
5 mg/ml, of metallic gold, as the chloride, The concentration of gold in the 
carrier solution is determined either by electrodeposition on tared platinun 
discs, or by evaporating a known volumeto dryness in a tared porcelain crucible, 
followed by heating to decompose the chloride, cooling, and weighing. ' 

Upon completion of digestion, excess nitric acid is removed by adding 
successive small amounts of concentrated HCl, with heating. The resulting 
solution is evaporated to 1-2 ml. and transferred to a 15 ml. centrifuge 


cone. Only a roughly quantitative transfer is needed, since the electro- 


ost i 
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deposited film is to be weighed, and recoveries en low as 90, or even 
80%, are saute. 

The separation of the gold from all or nearly all of the associated 
elements in the tissue digest is accomplished by reducing the gold to the 
metallic state. The reducing solution is made up to contain approximately 
10% NHp0H-HC1 and 0.4% FeS04°7H,0. Two ml, of a freshly prepared solution 
are used for each 10 mg., or less, of metallic gold. Reduction is hastened 
by ae the cones in a beaker of hot water which is kept just pvelow the 
boiling point for 15 - 30 min. The ferrous sulphate is omitted from the 
reducing solution when urine and feces samples are to be run. 

After centrifuging, the supernatant liquid is discarded. The centri- 
fuge cone wall and the gold may be washed, followed by centrifuging, and 
the wash solution also discarded, 

The pellet of precipitated gold is readily dissolved in a mixture of 
4 drops of hydrochloric acid plus one drop of nitric. Placing the cone in 
a beaker of hot water accelerates the reaction, which is usually complete 
within 15 minutes. The aqua regia solution of gold is made alkaline 
with 5 5p 1 N sodium hydroxide, After mixing, this solution is trans- 
ferred to the electrodeposition cell. The latter should be assembled 
using a tared and numbered disc and should have 2'ml. of a 5% solution 
of potassium cyanide in 0.1 N sodium hydroxide, covering the dise before 
the gold solution is added. The centrifuge cone is washed with distilled 
water which is also poured into the cell. In routine work this washing is 
accomplished by filling the cone once with distilled water, followed by 
transfer to the cell, : 


The anode is placed in the solution at about 3/4" to 1" from the 


5669 565 


cathode. The current is adjusted to approximately 85 ma. Since the actual 
plating area is about 8.5 sq. em., the current density will be 10 ma/sq. cm., 
or approximately twice the current recommended for commercial electroplating. 
Deposition is allowed to oroceed for one hour at room tempeature. At 
the end of this time an additional 2 ml. of the cyanide solution are added, 
followed by another hour of electrodeposition. 
Upon removal of the anode, the cell contents dvi Uisoardea. and the 

cell is washed with distilled water. After disassembly, the disc is again 

. washed, rinsed in acetone, and placed in a warm place to dry. The gross 

; weight is generally obtained before the radioactivity is determined, al- 


though this is not essental. 


B. Notes on the analytical procedure 


1. Digestion. As often haopens in the wet digestion of biological 
tissues, there are occasional samples which precipitate difficultly soluble 
crystalline salts upon evaporation to small volume. When this occurs, 
the solution and precipitate are transferred together to the centrifuge 
cone, and the procedure carried through as with the other samples. The 
presence of this material, which is always in very small amounts, appa- 
rently does not interfere with the results.- To insure that no radioactive 
gold is lost, however, any insoluble material should be dissolved at some 
point between the time the carrier is added and the time reduction is 
completed, even though an extraneous peri itate appears later, as it 
frequent ly does with urine and feces samples. This precipitate does not 
Seteetare with the electrodeposition. When octyl alcohol is used to pre- 
vent frothing, a waxy material is frequently formed which has a low melting 


point, and which may not be observed until the solution is cooled to below 
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room temperature. Precautions should be taken to obtain complete digestion of 
this organic matter. 

2. Reduction. Either hydroxylamine or ferrous sulphate may be used to. 
reduce the gold. Ferrous sulphate reduses the gold more rapidly than the 
hydroxylamine, but gives a precipitate which dissolves less rapidly in aqua 
regia. When using ferrous sulphate, there is usually a small amount of 
unwetted gold floating on the meniscus after centrifuging. This gold is 
either lost upon decantation, or must be removed on a stirring rod, and 
returned later, Reduction with hydroxylamine occurs in three distinct phases; 
namely, reduction to aurous, formation of colloidal gold, and finally, 
SPOLISTUbviGh’ OF the Rotel. “tnwebted gold is not usually optained whan this 
reagent is employed but the formation of a light "gold mirror" is frequently 
observed. When a mixture of both reductants is used, both phenomena are 
less pronounced, and the rate of reduction is about the same as with ferrous 
sulphate alone. | 

3. Solution of gold in aqua regia. When mirror formation is encountered, 
the cone is placed in only about 1" of hot water to hasten the dissolving 
reaction. Sufficient acid condenses on the wall of the cone to dissolve 
the mirror completely. 

4, Addition of NaOH. If insoluble salts are present after digeation, 
a white precipitate is sometimes present, or is formed, at this point, If 
desired, this insoluble material may be removed by centrifuging before the 
solution is transferred to the electrodeposition cell, 

5. The cathode disc. Both platinum and gold-plated copper discs may 
be cleaned by immersing in warm concéntrated sulphuric acid-dichromate 
cleaning solution. With the latter type of disc, immersion should not be 


longer than 2 to 3 minutes, since the plate does not offer sufficient protec- 
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tion to the copper to prevent its dissolving. Both types of disc must be 
peorousny rinsed after this treatment. The platinum discs may be dried 
directly after washing, but an acetone rinse is first recommended for the gold- 
plated copper. Heating the platinum discs over a burner, in order to dry then, 
is not recommended, since they then lose their temper, end are more difficult 
to handle without bending. Experiments carried out by Bertrand (6), indicated 
that plain copper discs lose rather than gain weight during electrodeposition. 
Gold-plated copper dises are therefore used in order to minimize the formation 
of oxide film on the surface of the copper, and attack of the copper by the 
cyanide plating solution. The alternatives are to use either gold or plati- 
num dises, which, in view of “— number needed, and the difficulties involved 
in removing the radioactive layer, will generally not be economical. While 
the use of nlahes copper does not entirely eliminate the weighing error, the 
results obtained are satisfactory for this type of analysis. The actual 
plating may be done on strips of copper 14" x 1-3/4" x 0.002", The 1" 
diameter dises can then be punched out. 

6. Electrodeposition. The plated discs in the assembled cells fre- 
quently discolor upon transferring the gold solutions to them. This occurr- 
ence is minimized, but not entirely eliminated, by adding the cyanide solu- 
tion to either the cone or the electrodeposition cells before transferring. 
The addition of the KCN directly to the cone prevents phesipitetion of auric 
hydroxide; the latter sometimes occurs upon allowing the solution to stand 
for several hours with NaOH alone. The color of the gold plate on platinum 
discs is either yellow or light orange, while that on gold-plated copper 
varies from light rose to brown. Gold plates on platinum frequently show 
small blisters in which case the deposit is easily broken loose upon scratch- 


ing. Blistering, however, does not occur with the plated copper discs, but 
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the deposit on these discs can be rubbed off to an appreciable extent, pe 


+ 


due to the admixture of copper; highly active discs must be handled carefully z 
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28, THE ELECTRODEPOSITION OF URANIUM 


Several methods sieve Seek developed for the electrodeposition of U0, 
and UF,, but, as of the date of this writing, only two declassified docu- 
ments on this subject have come to the attention of the writer. The procedures 
quoted in these declassified papers were developed independently by Hull (7) 
and by Kahn and Dunn (8). The former author deposited the oxide from a warm 
oxalate modu d Ob etal the latter the fluoride from dilute sodium fluoride at 
room temperature, 

Procedures for the separation of uranium from tissue ash have been devel- 
oped but not published. The electrodeposition technic outlined below pre- 
supposes that a nearly pure aia of Us0, is available as the starting material. 
The details of this procedure are taken from a report by Lilly, using the 


fluoride method (9). 


Preparation of Sample. Estimate the weight of the sample and weigh the 

U9, on a balance which is sensitive enough to give an accuracy of not less 
than 99.5% in the weight of oxide. 

Solution in Nitric Acid after Ignition. Try to dissolve the sample by using 
less than fifteen drops of cencentrated nitric acid per 100 mg. of uraniun. 

Use as little acid as possible in each case. If the sample dissolves complete- 
ly, it may be centrifuged and made up to volume, and the aliquot may be pi- 
petted directly into the electrodeposition cell for plating. If the sample 
does not dissolve, more nitric acid must be added. After centrifuging and 
making up to volume, it is then necessary to evavorate the nitrite acid from | 
the aliquot in a small beaker. Samples containing less than 30 mg. of uranium 
will generally require more than the tolerable amount of nitric acid and should 


be handled as directed above. 
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Measuring Out the Aliquot. Choose the Normax flask and pipette combination 
which will give a disc deposit weighing as close to 500 gamma as possible, 
Evaporation of Nitric Acid from the Aliquot when Necessary. If more than 
the maximum amount of nitric acid has been added, pipette the aliquot into a 
5 or 10 ml, beaker and place on a low hot plate under an air jet. Evaporate 
the sample to complete dryness. Add a few drops of water to the warm beaker; 
if no nitric acid odor can be detected, add more water, heat gently, and pipette 
into the electrodeposition cell. If there is still acid present, take to 
dryness again. Repeat until there is no odor on the addition of water to the 
warm sample. In case the sample does not re-dissolve in water, add one drop 
of 0.5 N nitric acid solution. This should be adequate; in any case, do not 
add more than two drops of this solution to any one aliquot. The sample may 
then be pipetted into the electrodeposition cell. 

After pipetting the sample into the electrodeposition cell, add 5-10 
drops of nitric acid to the small beaker in which evaporation was carried out. 
Make up to about 5 ml. and test for residual uranium using a fused sodium 
fluoride bead, as outlined below. The results of this bead test should insure 
that the uranium was transferred quantitatively to the cell. 

Plating Procedure. Pipette the sample into the cell, keeping the volume 
down to about 10 ml. Add 2 ml of 1% sodium fluoride, and adjust the stirrer 
so that it is about 1/4 in. above the surface of the disc. Run at 50 ma. 
Add an additional 1 ml of 1% sodium fluoride after one hour. At the end 

of 1-1/2 hrs., stop the stirrer and dip a fused sodium fluoride bead into 
the solution. Fluorescence of this bead should show that less than 3 gamma 


of uranium remains unplated. When these conditions are satisfied, the disc 


can be removed and ignited. 
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If too much uranium remains unplated, add an additional 1 ml, of 1% _— 
sodium fluoride and run for half an hour before testing again, If the amount 
of uranium remaining after two hours is more tian 1% of the total, a new 
plate should be started. 

In the presence of very slight excess amounts of nitrate, chloride, and 
sulphate, the electrodeposition is either incomplete, or does not occur at 
all. Very little work has been done to determine the side reactions which 
occur, or how to minimize aie 
Flourescent Bead Test. Fused beads of NaF are prepared by the method of 
Zebroski and Newton (10), 3mm, i.d. loops of 0,020" or 0.030" platinum wire 
are heated and dipped into powdered NaF, The powder adhering to the loops 
is then fused into a bead. Before use, background fluorescence must be 
checked on each bead. If there is little or no detectible difference between 
the fluorescence of a blank bead, and one which has been dipped in a solution 
containing 1/4 microgram per ml. of uranium, the NaF should be repurified. 

Ultraviolet light from a Mazda CH=-4 lamp is convenient for this fluor- 
escence analysis. The light is passed through a Corning No. 586 or 587 filter, 
and the bead is viewed through a Wratten G filter. With this set-up as little 
as 1/8 microgram per ml. of uranium is detectible. 

The apparent fluorescence of uranium is decreased about 10% when from 
0,04 to 0.6 micrograms per bead of interfering elements are present, depend- 
ing upon the elements, Among those elements which quench the fluorescence 
in this concentration range, are Cr, Mn, Fe, Co, Ni, Sb, Pb, and Ag. A de= 
tailed discussion of interference is given in the ahévianksbloiee report. 

Standard beads may be prepared for semi-quantitative analysis using 
solutions containing 1/8, 1/4, 1/2, 1, 2, 5, and 10 micrograms of uranium per 
ml, The fluorescence of both blank and standard beads increases with time, 


Reference beads should therefore be prepared only as needed. 
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5 @9. RADIVAUTOGRAPHY 


. \ 
7 Radioautography is a technique utilizing the photographic effect of 


ionizing radiations by wiich the distribution of radioactive materials in 
tissues may be show, A sample of material containing the radioactive isotope 
in tracer quantities is placed in close contact with a photographic film. 
Where particles from the sample have passed through the emulsion, the film 
will be blackened and by comparison of the developed film and the sample it 
is possible to determine the distribution of the isotope in the sample, A 
met:od was first reported by London (1) in 1904 and subsequently by Kotzareff 
(2) in 1922; both used it to investigate tie distribution of radium. Up to 
the present, a number of papens have been presented which describe modifica= 
tions and refinements of the method developed by tnese investigators. Ex-= 
cellent reviews of the subject have been given by Gross and LeBlond (3) and 
by Axlerod (4). 

Using tris technique, the distribution of numerous elements have been 
studied in many different tissues, Among these are Ra, Po, Pb, and P in 
body tissues; Pb, P, Sr, Pu, Y, Ce, and C in bone; I in thyroid; and P and 

C in plant tissues. 

: ; In the procedure first mentioned, a block of tissue is placed on a 

i photographic plate, with cellophane interposed when necessary, to protect 
“the plate from moisture. Relatively close contact is maintained by firmly 
clamping the specimen and plate together during exposure. A general idea of 
‘gross distrioution can be obtained in this way but the resolution is poor 


because of the effects of scattering and absorption of particles emitted 


ae 
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from different portions of a thick specimen, 
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Better definition has been secured by improvements in the technique 
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developed mainly through the use of histological sections rather than thick 


— 


uieS 
> eae 


5669 575 


‘ 


specimens and thus avoiding excessive scattering and absorption, Contact 
between the section and plate may be made by one of the followinz methods: 
1. Placing a section on a lide and then clamping the slide to the 
film with the section next to the emulsion, 
2. Floating sections, still in the embedding medium, onto film, 


5. Covering sections with liquid emulsion or stripoing film. 


The first procedure is probably the simplest. Normal histological 
techniques may be used in preparation of the slide providing the precautions 
discussed below are needed. The film and section are held in contact in a 
suitable frame and stored in a light tight container, After a sufficient 
time has slaseed: the autograph is developed and the section stained. Sub-= 
sequent comparison of the picture and the section will then ee areas of 
concentration of radioactive substances. In some instances however, precise 
localization of the material under observation is not possible because of 
the difficulty of exact realignment of section and autograoh. For example, 
the question of whether iodine in the thyroid is located in the follicular 
colloid or epithelium is not readily answered unless exact alignment of auto- 
graph and section can be made. 

The other methods involving tissue sections eliminate this difficulty. 
In the second method, the section is floated onto the film and after a suit- 
able exposure time in the dark, the embedding material is removed, the auto- 
' graph developed with the section still in place and the section then stained. 
Although localization of tne material is good in this case, a stain which 
will not be more strongly absorbed by the emulsion than by the tissue must be 
used. In some instances, this may result in poor histological differentiation, 

The problem of staining the tissues is not encountered in the third 


method. In addition, it offers the advantage that the scattering of radio-= 


5669 576 


aati particles is still further diminished since no film backing is present, 
Here, the sections are first stained and then coated with a very thin film of 
celloidin, The emulsion is placed over the section either by painting on 
the liquid or by dementjing on "stripping film", a recently developed prepara- 
tion in which the film may be removed from its backing. The liquid emulsion 
may be secured commercially or scrapped from ordinary film and melted. It 

is difficult to spread the licuid emulsion to form a layer of even thickness 
and the necessary manipulations may cause an increased ete ae The use 
of stripping film avoids these problems and has been highly successful in 
some cases (5). Other workers (6) however, have found it Ap ae to use 
excessive care to keep the film on the slide and to prevent swelling of the 
emulsion during development, 

Several factors sre important to securing good radioautographs by any 
of the methods listed above. All solutions used in preparing the tissues, 
such as fixatives, dehydrating agents, and stains should be tested to insure 
that the radioactive material is not leached from the tissue before the auto-= 
graph is made. For careful work, it is advisable to secure autographs by 
two different methods to eliminate the possibility of shifting of the material 
in the tissue during manipulation. The exposure time and, to some extent, 
the sharpness of the autograph, depend on the radiation used and the overall 
and local concentration of the material in the sample. Alpha and soft beta 
emitters give excellent autographs since tne short range allows complete 
absorption in the emulsion. With beta particles of higher energy and longer 
range, the autograph will tend to be more diffuse, No radioautographs ob-= 
tained with pure gemma emitters have been reported. It is usually necessary, 
in the final analysis, to determine the exposure time for a sample by experi- 


ment. However, counting the sample prior to exposure frequently will indicate 


5669 : ST 


a 
- 


a reasonable time period. A total of approximately 10 million beta particles 
on 2 million alpha-particles per square centimeter generally are necessary. 
With track autographs, which are possible only in the case of alpha emitters, 
the number of particles necessary is much less since the individual tracks 
‘rather than the film blackenin: are to be observed. If ait ‘the material is 
localized in a few small areas in the tissue section, fewer disintegrations 
per squsxre centimeter will be necessary. | 

The choice of film to be used will be governed by the particle emitted. 
High speed and fine grain are very desirable, The former characteristic is 
essential for work with short-lived isotopes. With beta emitters, and alpha 
emitters when track autographs are not Aestred: satisfactory autographs may. 
be obtained with Eastman "No-Screen", Ansco “non+Screen", dental X-ray film, 
and lantern slide plates. The last mentioned are not satisfactory for small 
sAGunee of activity sine they have a relatively slow speed emulsion. For 
alpha track autography, special emulsions have been developed by Eastman and 
Ilford. 

The resolution of tne picture obtained will depend on a number of 
factors in addition to the type of particle studied and film used. Briefly, 
these are: thickness of the section studied; contact maintained between 
sample and film; scattering of radiation; and. exposure time. Although the 
presence of radioactivity may be demonstrated with thick samples, a rather 
diffuse picture will be obtained. The closer the contact betwcen film and 
sample, the better will be the resolution but the pressure used during ex- 
posure must be even and constant to avoid blurring of the image. If it is 
necessary to interpose Bia upten between the sample and the film to protect 
-. the latter from moist tissues, resolution will, of course, be diminished and 
it will be impossible to obtain autographs with alpha and very soft beta 
emitters because of absorption of these radiations, With thin samples, 5 .u 
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or less, scattering of radiation by the tissue is negligible, but backscat- 
tering from the film backing will be toons bailg especially with energetic 
beta particles, This is, of course, eliminated by ps des of liquid emulsion 
or stripping film, Over-exposure will also cause diffusion of the image, and 
thus diminish resolution. 

Details of the epi procedures descrited above may be obtained 
from Axelrod (4)(all methods), Evans (7), or Endicott and Yagoda (8) 
(sections floated on film), and Belanger and LeBlond (9) or Demmer (10) 


(liquid emulsion spread on samples. ) 
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30 INSTRUMENT MANUFACTURERS 


A. Counting Equipment 


ATOMIC INSTRUMENT COMPANY 
158 Charles Street 
Boston 14, Massachusetts 


1. Radioactivity demonstrator 
2. Linear amplifier (Model 204) 


BERKELEY SCIENTIFIC COMPANY 
601 Nevin Avenue 
Richmond, California 


1. Counter, scale of 64 


CYCLOTRON SPECIALTIES COMPANY 
Station D, Morago, California 


1. Impulse register 
2. Counter 
5. Mica window Geiger tube 


ECK AND KREBS 
131 West 24th Street 
New York, N. Y. 


ol. Geiger tubes 


FRED C. HENSON CO, 
Pasadena, California 


1. Quartz fiber electroscope 


HERBACH AND RADMAN COMPANY 
517 Ludlow Street : 
Philadelphia, Pennsylvania 


1. Counter, scale of 32 (Model GL 532 C) 
2. Counting rate meter and counter (Model GRM-471) 


INSTRUMENT DEVELOPMENT LABORATORIES 


817 East 55th Street 
Chicago 15, Illinois 


1. Counting circuit, scale of 64 (model 161) 
2. Portable counting rate meter (model 2610) 
5. lLandsverk electrometers 

4, Counting tubes for gamma and beta radiation 
5. Accessary equipment 
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NORTH AMERICAN PHILIPS COMPANY, INC. 
Dept. X=6 
100 East 42nd Street 
New York, N. Y. 


1. Portable radiation detector 
2. Geiger-Mueller counters 


POTTER INSTRUMENT COMPANY 
136 = 56 Roosevelt Avenue 
Flushing, New ¥ork 


1. Dual-predetermined Electronic counter 
- Counter chronograph interval timer 
Two-decade electronic counter 

. Preset internal timer 
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RADIATION COUNTER LABORATORIES 
1451 East Fifty-seventh Street 
Chicago 57, Illinois 


l. Geiger-Muller counters 


SYLVANIA ELECTRIC COMPANY 
Electronics Division 
500 Fifth Avenue 
New York City, N. Y. 


l. Geiger-Muller counters 


TECHNICAL ASSOCIATES 
5730 San Fernando Road 
Glendale, California 


1. Geiger tubes 


TRACERLAB, INC. 
55 Oliver Street 
Boston, Massachusetts 


1. Autoclaver 
2. Beta and gamma standards 


VICTOREEN INSTRUMENT COMPANY 
5806 Hough Avenue 
Cleveland, Ohio 


1, Geiger tubes 
2. Portable counters 
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B. Mass Spectro scopes 


BERKELEY SCIENTIFIC COMPANY 
601 Nevin Avenue 
Richmond, California 


CONSOLIDATED ENGINEERING CORPORATION 
Pasadena 4, California 


1. Mass spectrometer 
2. Electrical computer (Model 30-103) 


DISTILLATION PRODUCTS, Iisc. 
Vacuum Equipment Division 
Rochester 13, New York 


GENERAL ELECTRIC 
Special Products Division 
Apparatus Department 
General Electric Company 
Schenectady 5, New York — 
| + 
1. Mass spectrometer 
2. Time internal meter 
3. Nuclear research equipment 
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III. BIULOGICAL AND MEDICAL APPLICATION OF ISOTOPES 


31. INTRODUCTION 


The object of this division - Part III - of the handbook is to 
supply a critique and discussion of the significance of stable and radio- 
active isotopes in biology and medicine. The succeeding parts (nos. 32-38) 
of Part III consist of 1, a section (no. 32) in which is presented a general 
critioue of the biological and medical applications of isotopes; 2, several 
sections (nos. 33-36) in which the elements, arranged generally according 
to their biological significance, are considered; 3, a section (no. 37) on 
isotopes in medical therapy and diagnosis; and 4, a section (no. 38) on the 
biological effects of the natural radioactive elements. In each section 
representative works are cited from the regularly published literature that 
illustrate the main types of*problems that have been studied. 

A bibliography of all publications dealing with stable and artificial 
radioactive isotopes as tracers and with the effects and differential behavior 
of isotopes in biological systems is to be found in Part IV; papers dayied Wines 
chemical syntheses or physical measurements have not been included unless 
they also give deta on biological application. Section 38, having been 
prepared separately (by Dr. P. P. Weymouth) and dealing with the natural 
radioactive isotopes, has a separate list of references appended directly 
thereto. In Part IV there is an introductory list of general references 
(Gen); otherwise the references are grouped according to element, which are 
listed alphabetically. Under each element references are in turn listed 
alphabetically according to author, and each is assigned the symbol of its 


element and a serial number. In sections 32-37 citations are made by use 


of these designations (e.g.; Nall, S6, etc.). The bibliographies of Part 
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IV are essentially complete through 1946, and an effort has been made to 


include all literature through June, 1947. 


32. GENERAL CRITIQUE OF THE BIOLOGICAL APPLICATION OF ISOTOPES 


A. Introduction 
The particular importance of isotopes in biology is related to the 


fact that, for most of those elements that are constituents of protoplasm, 
artifical radioactive species can be substituted for normally occurring 
iecl spose and used as "tracers" of metabolism and other physiological pro- 
cesses; also that, in the case of a few elements, enriched amounts of the 
rerer stable species can be introduced into biological systems and also used 
as tracers. Thus, certain absolute or relative properties of various atomic 
nuclei permit the biological application of isotopes as tracers. 

Of considerable importance also is the study of isotopic behavior 
and effects per se. This is particularly true of radioactive species in 
connection with the effects of their ionizing radiations. Again it is 
physical properties of atomic nuclei that are basic to the phenomena studied. 

The biological application of isotopes can be conveniently classified 
as follows: 
I. Use as labeling agents ("tracers") of normal and abnormal 
physiology 
A. As tracers of metabolism 


1. Of intrinsic constituents of the organism 


b. minerals, including trace elements 


c. organic substances 
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2. Of extrinsic substances (abnormal to the organism 
in form or amount) 
a. in pharmacological studies 
b. in toxicological studies 
B. As tracers of non-metabolic processes 
1. Involving cells and other intrinsic complex constituents 
2. Involving foreign substances 
a. dissolved gases 
b. colloids and particles of greater than colloidal 
size ) 
Cc. foreign cells and organisms 
II. Use in the study of the behavior and effects of isotopes per se 
A. Differential fates of isotopes 
B. Effects of isotopes 
1. of abnormal concentrations 


2. of radiation (including radiotherapy) 


B. A survey of useful isotopes 
Isotopes that have been used in biological and medical studies 


belong to 55 elements and are listed in Table 25. In lable 26 are listed: 
1, biologically promising isotopes which belong .to elements represented in 
Table 25, but for whic: no published reports on their biological application 
have as yet appeared, and 2, potentially useful isotopes of those elements 
for which no tracer studies have yet been reported. Elements appearing in 
Table 25 are marked with an asterisk in Table 26. These two tables may be 
used to make tentative determinations as to whether a useful isotope exists 
for a projected experiment, and if so, what experimental conditions its 


successful application may demand, 


5669 585 


From Tables 25 and 26 it may be seen that so far slightly less 
than half (75 out of 163) of the potentially applicable radioactive iso- 
topes listed have been employed in biological experimentation. Ungquestion- 
ably, many, if not most, of those es yet unemployed will find experimental 
application in the near future. liost studies with radioactive species 
have been in the field of tracer work. A number of studies, however, have 
been on the biological effects of radiation; and a few radioisotopes now 
have well established applications in clinical medicine. 

Eight stable isotopes have been applied to biological problems, 
Most work with stable isotopes has been with the rarer species of elements 
existing in more than one stable form, Out of 278 nown stable isotopes, 
197 are less abundant species éF tid 60 elements having two or more naturally 
occurring isotopes; but of the 197, only 7 have known biological applications, 
Most work with these rarer species has been in trecer studies. However, 
not all the rarer stable species so far used have been applied in this 
manner, for certain isotopes have peculiar properties that have made possible, 
or suggest, their use in radiation studies. For example, both lithium (Li) 
and boron (B) have rarer isotopes that split when bombarded with accelerated 
particles. The specific ionization of the radiation released is considera- 
bly greater than that attending the accelerated particles themselves. Thus 
selective localization of Li and B compounds has made possible selective 
radiation of certain tissues (Bl, Li 1-2). However, these properties are 
not necessarily restricted to the rarer species of the elements concerned. 
Beryllium (Be) consisting of a single isotope (Be 9), gives off fast neu- 
trons when bombarded with protons or deuterons; the resulting neutron beams 
have in turn been used for experimental therapeutic purposes. And finally 


of 
the more common/the two isotopes of hydrogen (H) - i.e., protium (p, or H 1) 
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has been ehtreetea for a possible therapeutic role when accelerated to 
the hich energies of the new giant cyclotrons. 

From the Perewing discussion it may be seen that radioactive 
and stable isotopes have applications both in tracer problems and in the 
study of radiation effects, No exclusive distinction can thus be made 
between them on either basis. However, for the most part radioactive iso- 
topes are more versatile and, igneet in a few cases, are the important 
tracers. By reason of their great variety of radioactive properties, they 


elso offer far more diversified techniques for study of radiation effects. 


C. Isotopes as tracers 

l. General considerations. Isotopes in biological tracer work are 
tools for the elucidation of physiological processes, not objects of study 
in themselves. Thus, if all the literature on tracer applications were to 
be exhaustively summarized, an artificial separation of isotopic and non- 
isotopic studies of the same phenomena would be effected. A rational ap- 
proach to the literature, therefore, is rather to cite for the isotopesof 
each element enough representative studies to illustrate their know range 
of usefulness; to these can be added in many cases speculation as to addi- 
tional applications. This approach is essentially followed here in the 
sections on individual elements and groups of elements. 

Radioactive species that are adaptable to biological studies exist 
for most elements. Exceptions to this include : He, Li, B, and Nie, of which 
the known unstable forms are so short-lived (40 seconds or less in half-life) 
that it seems mlikely that they will ever find biological application, 


Gertain other elements are greatly limited in this regard by the shortness 
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of half-life of their longest-lived radioisotopes; these include N, 0, Mg, 
and Al, for the isotopes of which the half-lives are 10.2 minutes or less. 
F and Si are somewhat unsatisfactory as their best isotopes have half-lives 
of only about 2 hours and 3 hours respectively. The know isotope of Fa 

has a half-life of only 21 minutes. But, aside from these 11 elements, all 
of which are of low atomic weight except francium, the other 85 of the 
periodic system have radioisotopes of reasonably or very convenient half- 
lives for biological work. 

The use of stable isotopes as tracers for the 60 elements of which 
more than one species exists is limited by two factors; 1, the expense and 
technical difficulties involved in concentrating a given species from the 
isotopic mixture characteristic of an element having more than one stable 
nuclear form; and 2, the ready availability and convenience of application 
of at least one radioactive species for most elements. Only in the case 
of five elements - all of light atomic weight - have practical methods been 
developed for concentrating the less abundant isotope for tracer studies; 
namely, for H, C, N, 0, and S. For H, C, and S, convenient radioactive 
species also exist; but successful tracing of l\ and 0 must depend in the 
vast preponderance of cases on the rarer stable forms. For similar reasons, 
if tracing with lig is ever to be developed, it would appear likely that 
some extension in stable isotope tracing must be made. The same consider- 
ations may well apply to He, Li, B, Ne, and probably Si. Aluminum is a 
particularly unfortunate element from this point of view inasmuch as it 
exists in only one stable form and has no known radioactive species of 
longer half-life than 6.7 minutes. 

The extension of stable isotopic tracing to heavier elements, for 


which isotopic separation is increasingly difficult and for which convenient 
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elements). The need of certain organisms for additional macronutrient 


num). Universally accepted as essential to all life are the elements H, 


radioactive species are known, would seem to depend upon the desirability 
of entirely eliminating the effects of the radiation associated with the 
radioactive species of many of these elements. So far there is little 


evidence that this will prove a practical necessity; it may well be, 


however, that even the slight amount of ionization accompanying trace doses will t 
be shown in case of long-lived isotopes to have a deleterious effect, | 
particularly from the genetic aspect, on living organisms. 

Re Metabolic tracing. In the realm of metabolic tracing, the 
role, in normal and pathological states, of elements and compounds normal 
to the organism is unquestionably the most vital aspect. We deal here 
with both essential and presumably non-essential elements. In the former 
category are elements that range from those making up the major organic and 
inorganic constituents of protoplasm (H, C, N, 0, lig, P, S, and usually K 
and Ca) to those required by all living substance in minute quantities 


(Fe and possibly also lin and Zn - the so-called micronutrient, or trace, 


(Na and Cl) and various micronutrient elements "normal" to the protoplasm 
and protoplasmic products of various organisms embraces the greater ee 
of the periodic system. These, however, usually occur in exceedingly 
minute amounts. Some of these, nevertheless, may eventually prove to be essen= 
tial micronutrients. 
Actually or potentially useful isotopic labels are known for all 


elements shown to be essential to living organisms (except possibly alumi- 


C, N, 0, Mz, P, S, and Fe. Although K and Ca are usually regarded as 


essential metabolites, there is some evidence that certain bacteria and blue- 
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green algae may not require one or the other. In addition, certain 
elements have been shown to be unquestionably essential to certain plants 
or animals and at least some of these probably are universal micronutrient 
reouirements of living systems on our planet. These elements include: 
B, la, Al, Si, Cl, V, lim, Co, Cu, Zn, iio, and I. There is also rather 
good evidence that certain plants require Ga, Cb, and W, and certain animals, 
Nd and Br. Other elements that have been postulated as essential micro- 
nutrients for certain forms are Li, F, Cr, Rb, Sr, Sn, and others. It is 
quite possible therefore that some 30 or more of the 96 known elements are 
essential to various forms of living organisms. 

So far it has been the metabolism of the macronutrient elements 
and of two micronutrients, Fe and I (in the higher vertebrates), that has 
been intensively studied with tracers. Only certain of the micronutrients — 
have beer subjected to the tracer approach, including, aside from Fe and I, 
the elements Nn, Co, Cu, and Zn. Important micronutrients such as B and 
Mo in plants are still to be investigated, also such probably micronutrients 
as Ga, Cb, and W in plants and Ni in animals. 

The use of isotopic tracers has already divulged a tremendous 
store of data on the metabolism of essential elements. In many cases, as 
with much of the intermediary metabolism of organic compounds and the 
dynamics of electrolytes in body fluids, this information would have otherwise 
been quite unattainable. In the study of the role of micronutrients, iso- 
topic tracer techniques will very likely supply us with an understanding of 
mechanisms now poorly or scarcely at all understood, and it may well be that 
these techniques can, in addition, give us evidence fot the essential role 
of other elements not now definitely known to play an essential role in 


any living process. 
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Studies with trace amounts have been carried out for a number of 
elements not known to be essential to life. Where these elements are 
normally present in minute amounts in an organism it is possible to 
elucidate their behavior in the "normal" metabolism of that orvanism, 

The study of the metabolic fate of elements and compounds ebnormal 
to the body in form or amount has also been carried out for a lerge num- 
ber of substances. Such investigations have either a toxicological or 
pharmacologicel basis, or both. 

3. Non-metabolic tracing. Under non-metabolic tracing may be 
included study of the behavior and fate of normal body oennis eeanal above 
the purely biochemical level, e.s., erythrocytes; and of foreign sub- 
stances, e.g., bacteria, inert gases, etc. 

In some cases, it is impossible to draw a clear distinction between 
metabolic and non-metabolic tracing because the labeling isotope for the 
latter type of experiment often also has a metabolic role. For example, 
the labeling of erythrocytes with radioiron has been used to study the 
movement and mixing of blood (Fe 6, 19, etc.); however, the iron of labeled 
hemoglobin has an active role in the metabolic pool and for long term ex- 
periments the turnover of hemoglobin iron must be considered in any experi- 
ment with labeled erythrocytes. Similarly in studying the movement of 
labeled bacteria and other foreign cells, the metabolic interchange of the 


labeling atoms between these cells and their host environment must be 


considered. 


4. ‘Theory and techniques of tracing physiological processes. 


The fundamental techniques of isotopic tracing are directed toward the 
answering of two main questions: 1, what path or paths does a labeled ma~ 
terial take in moving and changing within a biological system; and 2, at 


at what rat2 does such a process or processes occur, 
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The first of these questions can in some cases be partly or even 
entirely answered by other than isotopic techniques. For example, at 
the metabolic level the tracing of an abnormal substance, or of abnormal 
amounts of a normal constituent, can be carried out in many cases by micro- 
chemical or even macrochemical procedures. Nevertheless, the use of iso- 
topes even in these cases permits of greater accuracy and in many cases 
much greater simplicity of experimental procedure. For the study of normal 
metabolism, moreover, non-isotopic techniques offer at best a crude ap- 
proximation of what isotopic procedures can clearly reveal. Though chemical 
analysis of parts of a biological system can demonstrate what the constitu- 
ents are at any given time, they can tell relatively little as to the exact 
pattern of movement by which those constituents have become incorporated 
into the system. With tracers, such problems as the permeability of sub- 
stances and the transport of microconstituents can be readily revealed. 

The study of rates of biological processes is even less satisfactory 
if restricted to non-isotopic techniques. In fact only those rates can be 
conveniently studied non-isotopically that deal either with the production 
of end products or with changes in the absolute amounts or relative pro- 

- portions of given constituents in a biological system. In one vital aspect, 
the functioning of biclogical systems can be satisfactorily studied only 
with isotopes; this is the pattern and the rate of change, or turnover rate, 
of intermediary substances in dynamic equilibrium in a biological system. 
Even though we might know by other means all the substances that enter a 
system and all the substances that leave it, we cannot determine merely by 
chemical means all the intermediate steps and in particular, the rates at 
which the transoformations involved are occurring. However, with isotopes 


as labeling agents it is possible to put molecular groupings into a system 
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such that they behave essentially as do similar groups already present, 
but are nevertheless distinguishable by Wowie or slight mass dif- 
ferences in the case of stable isotopes or of radioactive decay phe- 
nomena in the case of radioactive isotopes. 

The use of an isotope as a tracer for any given purpose involves: 
1, its availability in a suitable form or its preparation as, or incor- 
poration into, the material to be labeled; 2, its administration in a 
suitable manner to the biological system to be studied; 3, its recovery 
and measurement, or in some cases ite measurement directly in vivo. 

With radioisotopes all of these steps must be carried out with 
precautions against the overexposure of personnel to ionizing radiation. 
This involved avoidance not only of irradiation at the time of experi- 
mentation but also of contamination by, or assimilation of, radioactive 
materials, and hence continued irradiation. Where human beings are the 
biological systems studied, care must also be taken against exceeding 
the safe tracer dose - usually given as 0.1 r.e.p. of total body irra- 
diation per day. | | 

The preparation of isciee labeled substances involves the 
conservation of valuable materials. Therefore, special synthetic pro- 
cesses, in which yields are as high as possible, often must be evolved. 
In some cases it is possible to obtain labeled materials through bio- 
synthetic processes; in such cases an isotope is introduced into a living 
system, and the desired labeled material isolated later. 

The administratioh of labeled tracer substances presents no une 
usual features other than those associated with health protection a- 


gainst irradiation in the case of radioisotopes. 


The measurement of isotopes involves a number of specialized 
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techniques. Quite different procedures must be applied to stable as 
opposed to radioactive species. At the present time stable isotopes may 
be measured only in the mass spectrometer except for deuterium and heavy 
oxygen, for which additional techniques are available. The latter depend 
either on measurements of density or on measurements of refractive index 
of highly purified muxtures of water and deuterium oxide ("heavy water"). 
(Cf. sections 22 and 23 on stable isotope measurement.) 

The radioactive isotopes may be detected or measured by three 
principal techniques; in vitro, in vivo, and autoradiographic. The 
in vitro and in vivo methods involve the use of the Geiger-lMuller counter, 
an electroscopic counter, or an ionization chamber; the autoradiosraphic, 
the use of a sensitive photographic emulsion. 

The in vitro techniques of measurement are carried out on samples 
removed from the biological system under study and are highly varied in 
procedure. The choice of method depends upon the manner in which a given 
isotope must be prepared for effective counting. (Cf. sections 18, 19 and 
21 on radiation counters, and 24-28 on the preparation of semples for 
measurement. ) 

The in vivo method is characterized by measurement of a radio- 
isotope in the intact system. This may be accomplished only where the 
emanations of an isotope are sufficiently penetrating to permit the ap- 
proximation of a counter to the experimental subject and the detection 
of particles of nuclear disintegration originating within the latter. 

Y-emitters and high energy 3 ~enitters can be studied by this method. 
Most measurements carried out in this way are largely qualitative although, 
with a precise understanding of the geometry of the counting arrangement, 
and the distribution of the isotope within the system, accurate quanti- 


tative measurements are possible. 
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The autoradiographic technique is also largely qualitative, 

It involves the approximation of a Slog est sample to a photographic 
film sensitive to the radiations of the isotope used. (Cf. section 29.) 
The resulting pattern on the developed film illustrates the distribution 
and, to a certain degree, the differential concentration of the isotope on 
the surface of the semple and, to a greater or lesser extent, depending 
upon the thickness of the sample and the energy of the radiated particles, 
the distribution and concentretion in the parts of the sample beneath its 
surface. The most satisfactory autoradiographs are those made from very 
thin samples, e.zg., sections of tissues or organs. Techniques have re- 
cently been develo:ed for the simultaneous mounting of a tissue sections 
and a sensitive gelatin layer on a microscope slide (I 112, 114). The © 
film may be developed after an appropriate interval, and the section 
stained; there thus results a stained section superimposed on its radio- 
autoereph (or vice versa) from which a precise picture of the isotope dis- 
tribution can be determined. 

5. Analysis by isotopic dilution. A tracer application of iso- 
topes that deserves mention is their use in biochemical analysis, namely, | 
analysis by isotopic dilution. Here we are, strictly speaking, not dealing 
with a biological but rether with a chemical procedure. However, the con- 
venience of the method is such that it has great significance for bio- 
‘logical problems, particularly at the metabolic level. 

When a given mexture is to be analysed for the absolute content 
of a constituent, it may be very difficult to purify out the latter quan- 
titatively. In such cases it may be very simple to introduce a precisely 
known amount of the constituent to be determined, labeled with a suitable 


isotopic indicator. Once this is thoroughly mixed into the material to be 
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analysed, a sample of the constituent may be prepared in pure form, but 
non-quantitatively. Then by determining the amount of dilution that 
the labeled substance introduced has undergone, it is possible to calcu- 


€ ; : 
late the amount originally present in the mixture according to the follow- 


ing formula: 
C 
O91, Kudeiew; 
i 
where X» = total amount of the constituent to be determined, 


xX, = amount of labeled constituent introduced, 


= initial concentration of labeling isotope, and 


Q 
= 
‘ 


Cp = final concentration. 

In the case of radioisotopes, concentrations (C) are most easily 
measure in terms of number of counts per Amst time per unit weight or 
volume of the substance labeled, these measurements being made with the 
Geiger-illlller counter. Where the isotope is of short half-life, appro- 
priate corrections for decay must be made. When very small amounts of 
labeled material are added to a great excess of material being measured, 
as is true in much work with ol ir Bi isotopes, the formule may be 


simplified to the form: 


by ignoring the negligible correction for the mass or volume of the 
added material. | : 

In the case of stable isotopes, concentrations are measured in 
terms of atoms per cent of the labeling isotope present in excess over 
its normal abundance. Such measurements may be easily calculated from 


mass spectrometer data or, in the case of hydrogen and heavy oxygen, 
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added and the resulting tagged mixture respectively. 


from data derived by the other techniques available for these isotopes. 
In the case of deuterium vs. protium, of which the atomic weights are 
significantly different, a correction for Led changes in Be eer weight 
accompanying isotopic dilution should be made when low molecular weight 
substances highly enriched in deuterium are used for measurements by the 
isotopic dilution method. The formula then becomes 


My 


% = (edi - 1) lo 
2 7 Ce 


wherein Mig and N5 are the average moleculer weights of the tagged compound 


D. The differential behavior and effects 
of isotopes 
So far there have been few demonstrations that the different 


stable isotopic species of a given element behave differently in living 
systems. However, in the case of hydrogen, the differential behavior 

of deuterium vs. protium has been extensively shown. High concentrations 

of deuterium oxide ("heavy water") have been demonstrated to have toxic 
effects on organisms from bacteria to mice (D31). Evidence also has been 
accumulated for the differential use of carbon and oxygen isotopes by living 
systems (C51, 03). 

Most of the radioactive isotopes in use are of sufficiently high 
molecular weight that no differential effect due to the difference between 
their masses and those of their normally occurring stable analogues is to 
be expected. However, tritium will most certainly prove an exception to 


this inasmuch as the difference between its behavior and that of ordinary 


hydrogen will be greater than that already shown between deuterium and protium, 
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The decay pattern of any given isotope is, of course, unaffected by its 


participation in a biological system. However, its radioactivity can 


have decided effects when the isotope is present in sufficiently high 
concentration. In terms of the effect of ionizing radiation, its effect 
may be profound. 

Radioactive isotopes have been used in a numoer of studies on 
the effects of ionizing radiation on biological systems. In particuler, 
interest has been focused on those isotopes that can be administered in 


a form that willbe selectively localized in specific parts of such 


systems. The basis for the use of radioisotopes in therapy lies in 


the phenomena of differential concentration. 
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Table 25 


important stable and radioactive isotopes that have been used in biological 


and medical investigations 


Llement + Isotope Some important problems to which 
Z Name Stable Radioactive isotope has been applied 
*H 1 High speed proton irradiation 
(suzgested) 
1 *Hydrogen *H 2 (D) Intermediary metabolism, body water 


turnover and content 


H 3 (T) Body water content, photosynthesis 
Li 6 Slow neutron therapy of experimen- 
8 Lithium 
(in natural element) tal tumors 
Be 7 Absorption, distribution and ex- 
cretion 
4 Beryllium 
Be 9 Fast neutron irradiation and thera- 
(natural element) py 
eae ha acenecnnenemcemenen ert liom ina ernanoreneinaenntienieiinarlln- ssi ait kaa dgreelabnloktlinai tt ida iclensih te 
B 10 Slow neutron therapy of experi- 
5 Boron 
(in natural element) mental tumors 


erence EST NICS LE A LT TTT LL OD ILL OL LL ELD DLA LLL ALLL LLL LLL 


*C 13 Intermediary metabolism ; 


CO. metabolism in plants and ani- 
6 *Carbon G 3% mals; CO distribution and elimin- 


ation 


Photosynthesis, other preliminary 


tracer work 
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Element Isotope Some important problems to which 


s 


2 Name Stable Radioactive isotope has been applied 


Respiratory gas exchange; supposed 
. N 13 
7 *Nitrogen nitrogen fixation by barley 


*N 15 Intermediary metabolism 


Photosynthesis; bacterial frac- 
g *Oxygen *0 18 
tionation . 


Bone and tooth physiology and 
9 Fluorine F 18 
chemistry 


Retention in congestive heart 
Na 22 disease; effect of dietary chlor- 


ide deficiency 
11 *Sodium 
Electrolyte metabolism; adrenal 


physiology; therapy of leukemia 
12 = *iiagnesium Mg 27 Photosynthesis 


Mineral metabolism; intermediary 

metabolism; therapy of chronic leu- 

kemias, polycythemia vera, etc. and 
15  *Phosphorus P-32 

skin lesions; diagnosis of malig- 


nancy; colloids localizing in the 


reticulo-endothelial system 


*S 34 Intermediary metabolism 
16 *Sulfur 


S 35 Intermediary metabolism; thiamine 
metabolism; mineral metabolism 
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Element Radioactive Some important problems to which isotope has 


Z Name Isotope been applied 
17 *Chlorine Cl 38 iineral metabolism 
18 Argon A Al Respiratory gas exchange; blood circulatory 
pattern 
19 *Potassium K 42 Mineral metabolism; adrenal physiolozy 
(Ca 41) = 
20 *Calcium liineral metabolism 
Ca 45 
win 52 Distribution of colloidal KinO5 in reticulo- 
(Nn 54) endothelial system 
25 *Hanganese (lin 52) 
\iineral metabolism 
Vin 54 
: Mn 56 Mineral metabolism 
Mineral metabolism; blood physiolovy; bloo 
Fe 2 
preservation 
26 xIron (Fe 55) Mineral metabolism; blood physiology; blood 
Fe 59 preservation 
Fe 59 Mineral metabolism; blood physiology 
Co 56 
27 %*Cobalt (Co 57) Mineral metabolism 
Co 58 
29 = *Copper Cu 64 iiineral metabolism 
30 ?*Zinc Zn 65 Mineral metabolism 


Element Radioactive Some important problems to which isotope has 


Z Name Isotope been applied 
33 =6©Arsenic As 74 Absorption, distribution and excretion; experi- 
mental filariasis 
34 Selenium Se 83 Absorption, distribution, and excretion 
Electrolyte exchange; thyroid physiology; dis- 
35 ?*Bromine Br 82 | 
tribution of brominated dyes 
36. Krypton . Kr 79,81 Respiratory gas exchanze; blood circulatory 
pattern 
37 Rubidium Rb &6 Electrolyte exchange 
Sr 85 Absorption, distribution, and excretion } 
or 6 Bone siology; ther of bone sarcoma 
38 Strontium ? physiology: Wherapy 
sr 90 Absorption, distribution, and excretion 
Y 88 Absorption, distribution, and excretion 
Absorption, distribution, and excretion; 
39 Yttrium ee Baltes street ctananibes 8 
colloids in reticuloendothelial system 
ar 89 Absorption, distribution, and excretion } 
40 Zirconium Absorption, distribution, and excretion; col- 
Zr 95 
loids localizing in reticuloendothelial system 
Absorption, distribution, and excretion; col- 
41 Columbiun Cb 95 
: loids localizing in reticuloendothelial system 
Ru 103 
44 Ruthenium Absorption, distribution, and excretion 
Ru 106 
Absorption, distribution, and excretion; ex- 
51 Antimony Sb 124 


perimental filariasis 
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Element Radioactive Some important problems to which isotope has 


Nw 


Name Isotope been applied 


Te 121. Absorption, distribution, and excretion 


Te 127 
52 Tellurium Absorption, distribution, and excretion 
(Te 129) 
I 128 Iodine metabolism and thyroid physiology 
Nee Iodine metabolism and thyroid physiology 
I 130 
Therapy of thyrotoxicosis 
53 Iodine (I 131) 
Iodine metabolism and thyroid physiology; thera- 
py of thyrotoxicosis and metastatic thyroid car- 
cinoma; absorption of insulin 
Respiratory gas exchange; blood circulatory 
Xe 127 
54 Xenon pattern 


Xe 133 Absorption and distribution 


Cs 134 Absorption, distribution, and excretion } 


55 Cesium 
Cs 135 Absorption, distribution, and excretion 
Ba 133 Absorption, distribution, and excretion H 
56 Barium 
Ba 140 Absorption, distribution, and excretion 
57 Lanthanum La 140 Absorption, distribution, and excretion 
. Ce 141 Absorption, distribution, and excretion 
58 Cerium 
Ce 144 Absorption, distribution, and excretion 


603 


Klement Radioactive Some important problems to which isotope has 


Name Isotope been applied 


iS) 


59 Praseodymium Pr:143 Absorption, distribution, and excretion 
61 Element 61 61 147 Absorption, distribution, and excretion 


Absorption, distribution, and excretion; 


79 Gold Au 198 
chrysotherapy in arthritis 
80 Mercury Hg 197 Mercury vapor as industrial health hazard 
Pb 210 Absorption, distribution, and excretion 
82 Lead Rad 
Pb 212 Absorption, distribution, and excretion 
(ThB) 
63 Bismuth Bi 210 Absorption, distribution, and excretion 
! (Raz) 
85 Astatine crea Thyroid physiology 
Rn 220 Elimination in breath 
(Tn) 
‘Numerous studies on uptake and elimination 
86 Radon 
Rn 222 in breath, distribution, etc.; treatment 
of various malignancies and dermatoses 
Ra 226 Numerous studies on distribution, toxicity, 
$8 Radium Ra 228 etc., treatment of various malignancies and 
(MsThy ) dermatoses 
art Absorption, distribution, and excretion 
Th 232 Numerous studies on distribution, toxicity, 
90 Thoriun 
(normal element) etc. 
are Absorption, distribution, and excretion 
1 
91 Provtoactinium Pa 231 Absorption, distribution, and excretion 


maces 
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Element Radioactive Some important problems to which isotope has 


Name Isotope been applied 


Numerous studies on distribution, toxicity, etc. 

element , 
92 Uranium Production of slow neutrons; colloids locali- 

U 235 

(AcU) zing in reticuloendothelial system 

93 Neptuniun Np 239 Absorption, distribution, and excretion 
94 Plutonium Pu 239 Absorption, distribution, and excretion 
95 Americium Am 241 Absorption, distribution, and excretion 
96 Curium Cm 242 Absorption, distribution, and excretion 
* Elements (and their naturally occurring isotopes) known or believed to be 


essential in mammalian nutrition are marked with an asterisk; those for 


which unanimity is lacking are also marked with a question mark, 


z+: An isotope is placed in parentheses if it occurs together with another 


isotope or isotopes (of the same element) used for tracer work, but is 
itself not significant for the tracer purposes to which the mixture may 
be applied. Two or more isotopes are connected by a brace if they occur 


together in tracer preparations and are of about equal importance, 


% Personal communication from Dr. J. G. Hamilton. 
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Table 26 


- 


POTENTIALLY VALUABLE TRACER ISOTOPES, ESPECIALLY THOSE OF ELEIMENYS FOR 


WHICH BIOLOGICAL STUDIES HaVis NOT YET BEEN CARRIED OUT 


Radiation 
- Element Isotope Half-life Energy in mev 
(or percent 
Z Name abundance ) Type Particle yoray 


2 Helium He 3 stable 
(* 10-5) 


5 *Lithiun Li 6 stable 


(7.5) 
4 *Beryllium Be 10 7.3 x 108 y B+ 0.65 0.5 é 
5 *Boron B 10 stable 
(18. 4) 
8 *Oxygen 0 15 126 sec. pt 17 
, La stable 
(0,041) 
10 Neon Ne 21 stable 
(0.27) 
22 stable 
(9.73) 
12 *Magnesium Mg 25 ~~ stable 
(11.5) 
26 stable 
(11575 
ae Aluminum Al 28 2.4m es as g 3.9 1,82 
29 6.7 m Bo eee 
14 Silicon Si 29 stable 
4 (6.2) 
50 stable 
(4, 2) 
ol 170m po 1.8 
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7 Radiation 
Element Isotope Half-life Energy in mev 
(or percent eats 
Z Name abundance) Type Particle y-ray 
16 *Sulfur Ss 33 stable 
(0,74) 
56 stable 
(0.016) 
17 *Chlorine Cl 36 105 y BY,K,B” 0.64 (p7) 
87 stable 
(24.6) 
18 *Argon A of 96,5" d k 
19 *Potassium K 40 1.42x109 y 8 ,y,K 0.4 2 
(0.012) 
41 stable 
(6.61) 
20 *Calcium Ca 42 stable 
0 stable 
(0.15) 
: 44 stable 
(2.06) 
48 stable 
21 Scandium Sc 44 2,44d I.Ts ,O7¥ 0,28,1.33 
46 854d B-,y,K 0.26,1.5 1.25 
48 44h B-.Y 0.64 1.35 
ae; 6 Titanium §«€©6TilCClOG511172 B77 0.36 1.0 
23 Vanadium V 48 164 Bt,K,y 1-0 or 1,05 or 
0.58 ne 
49 600 d K 
24 Chromium Cr 51 26.5 d K,y,e 0.5,1.0 


Radiation 


Element: Isotope Half-life En Shs 
ergy in mev 
(or percent 
vA Name abundance ) Type Particle y-ray 
26 *Iron Fe 54 stable 
(6.04) 
57 stable 
(2.11) 
58 stable 
(0.28) 
27 *Cobalt Co 60 5.3 y BY 0.30 Ve ee 
28 Nickel Mi «BT 36h pt 0.67 0.05 
59 150y K,e7 
29 *Copper Cu 61 «3.4K pt ,K 0.9 
65 stable 
(29.87) 
30 *Zinc gn 69 13.8h I.T. 57 0,439 
69 57 m Bo 1.0 
$1 Gallium Ga 66 9.4h pt 3.1 
67 83h K,y,er 0,0925,0.180, 
0.297 
72 «14,25 h BY O17 214s: S468 
32 Germanium Ge 69 “195 a 2 
pane K,e7(7) 0.6 
71 40h pt £2 
77222 h Bo 1.9 
35 *Arsenic As Tee 90 h K,en 
A es OP 
76 26.8h P le Oy PT Atk? Sebgtat tae 
77 40h 87 0.7 
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Radiation 


Element Isotope Half-life Energy in mev 
(or percent pF AA i Nas REALE LEIP CNETE 
Z Name abundance) Type Particle y-ray 
$4 *Selenium Se 75 1154 Kyy,en 0.50 
35 *Bromine Br 80 4.4h Et. ie aad or 
36 *Krypton kr 85 45h 8 0.85 or 0.94 0.17,0.37 
85 ~loy Bo 0.74 
39 *Yttrium Y 90 65h Bo 2.2 
40 *Zirconium Zr 97 17h ag 1.9 0.8 
41 *Columbium Cb 92 lla 8-47 1.138 1.0 
42 Molybdenum Mo 99 67h a g 1.5 0.4 
43. TechnetiumTc 96 42a K,y¥,e7 0.96 
97 15y K(?) 
97 93 4 K,y,e7 0.097 
99 2x108y gB- 0.38 
44 *Ruthenium Ru 97 2.84 K,y,e7 0. 23 
45 Rhodium Rh 102 2104 ge" ,.¢ 0.584 ? 
105 36.5 h Bt yy 0.6 0.33 
46 Palladium Pd 103 17.04 K 
419° 21h Bo 0.2 
47 Silver Ag 106 824 K,y,e7 ‘2 1.06 ,0.69 
110 2254 K,e7,y 2.8 
11k, 76 4 Bo 0.8,0.24 
48 Cadmium Cad 109 3304 K 
115 404 Boy ¥ 748 0.5 
115 2.54 1.11,0.56,1.20 
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Radiation 


ee ee 


Element Isotope Half-life Energy in mev 
(or percent 
Z Name abundance ) __Tyre Particle y-ray 
49 Indium in s00 2.7 Ol K,y,e7 0.17,0.25 
114 484 it. a" 0.19 
115 4.42h 1,2. 4. e7:0.308,0,332 0-54,0.78, 
1.23, 160; 
2.29 
50 Tin Sn 113 70-105 4 K,y,e7 0.085 
121 ~60h B7 0.76 
123 104 Bo 0, 26 
51 *Antimony Sb 122 2.84 BY 4, 80,1566 0.96 
185 2.2% B77 0.03,0.7,0.6 0.6,0.027 
127 80h Bo 1.15 0.72 
129 4,2h p> P 
52 *Tellurium Te 131 30h i 0.147,0.175 0,177 
53 *Iodine T - 12444 Bt y 2 0.1 
2125 56 d K 
126 13.04 B- 7 1.1 0.5 
135 6.6h 8", 1.55,1.5 1.6,1.3 
55 *Cesium Os “igo 7.1. 4 K,y,e7 0.145 
1340 1.7 y By 0.9 7 
136 10.54 Kp". 7,8" |: 0.2 2 
Ler" 95."y a 0.5,0.8 0.75 
56 *Lanthanum La 137 17.5 h K,y 0.88 
1) Sy h B- 2.8 
58 *Cerium Ce 140 140d Lecaee “0.21 
144 275 4 p 0.548 
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Radiation 
Isotope Half-life 


mai (or percent ek 2 
Z Name abundance ) Type Particle y-ray 
59 *Praseody~ Pr 142 "19.3 h B 4Y 2.14 1.9 
mium 
60 Neodymium Nd 147 11.0d Br y,e 0.4 0.58 
149 2h Boy 1.5 
61 *(Unnamed) 61 148 5.34 B77 2 beg 
149 47h 8, 1.1 0.25 
62 Samarium Sm 155 46h I.T. 58 ,y S86. 7850; 70 OSG jOsF11 
63 ‘Buropiun Bu 152 9.2h B-yy2e 1.88 ee Ay 
154 Ty B=, 0.9 2 
155 2y B-.y 0. 23 0.0844 
156 15.44 8-47 0.5,265 2.0 
157 15.4h Bx 1.7,1.0 0.6,0.2 
64 Gadolinium Gd 159 8h p- 2 
65 Terbiun Tb 160 5.9h a” ? 
160 72 4 BY 0.70 2 
66 Dysprosium Dy 165 2,5 h B sy r.20 ? 
67 Holmium Ho 166 27.5h Bo 1.6 
68 Erbium EF 12h B~ 2 
69 Thulium ™ 70 105 4 Bo Ee 
70 Ytterbium Yb 175 45d a 0.3 
175 4.24 87 1.15 0.35 
71 Lutecium Lu 176 68.67 h Ree s¥ 1,150 2 
177 6.84 BY 0, 440 0.2 


Radiation 


Element Isotope Half-life Energy in mev 
(or percent 
Zz Name abundance ) Type Particle — “y-ray 
72 Hafnium Hf 181 464 e- 0.8 0.5 
73 Tantalum Ta 180 82h 5,8" .¥ e~: <0.5 ? 
182 1204 87. ine 1.6 
74 Tungsten W 185 774 B~ —0.55-0.65 2 
187 24.1 h 87, 1.4 0.87. 
75 Rhenium Re 184 52d. K, pty 0. 22-0, 26 0.85 
; | 186 92.8h _ B- 1,07 
188 18.9h 87 2.5 0.8 
76 Osmium. Os 185 94.74 5 Ree | 
191 31.9h oe 0.95 1.17 
193 174 B-. 0.35 2 
77 ~=TIridiun ie 100. 10.7 a Bt y,e 0.91 0.25 
192 754 B77 0.59 0.53 
194 19h ay 262 1.35 
78 Platinum Pt 197 18h po 0.65 
| : 107. 8.3 4 By 2 2 
79 «Gold fu: 198. 5.5 a a o® 1.01 0. 45 
80 * Mercury He 200: 61.5 .d a 0. 46 0.50 
ma anealoum TL 208 aed K,y,e7 0. 40 
206 3.5 y B~ 0.87 
82 *Lead Ph 203 62h ZiT. (2) or 2 0. 45 
K(?) e7,¥ 
209 5,0h p> 0.7 


2669 612 


Radiation 
Element Isotope Half-life Energy in mev 
(or percent SAAR NORAE TEI i AFRAID 515A 
Z Name abundance ) Type Particle y-ray 
83 *Bismuth Bi 205 10-15 h K,e7,¥ ? 
206 6.44d K,e7 57 0.935 
207 6.44 K(? )e,¥ 0.74 
208 10% y Cee gy ig 2 
84 Polonium Po 206 9d Redox a: 5.2 ? 
207 5.7 h K 
208 sy a. a: 5.14 
210 140d a,x a: 5.298 ? 
87 Francium Fa 225 21m B47 1.20 > 3 
88 Radium Ra 224 5,644 a a: 5.681 
89 Actinium Ac. 227 15.5 y a, Bt a: 5.0 
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*Elements appearing in Table 25, 
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63. ELEMENTS CONSTITUTING MAJOR ORGANIC METABOLITES 
A. Introduction 


For purposes of this Handbook the major elements constituting metabo- 
lites are considered to be the following six: H, C, N, 0, P, and S. These 
are the fundamental elements of the various proteins, which form the frame- 
work of all living cells. Useful tracer isotopes exist for all six, and at 
least one isotope has already been applied for each. It may be noted that 
all these elements play a role in mineral metabolism, but this is of secon- 
dary importance to their organic function. 

Since the pioneer work of Schoenheimer who initiated the use of iso- 
topes in the study of intermediary organic metabolism slightly more than a 
decade ago, a very large literature has growm up. The most important gener- 
alizing concept that has come out of this work has been that of the dynamic 
state, or equilibrium of all organic body constituents (D 331). Work on 
intermediate metabolism of organic substances =< carbohydrates, fats, proteins, 
etc. - has shown that all are undergoing a continuous process of breakdown and 
resynthesis, even seemingly inert substances such as stored body fat. 

The application of isotopes has already solved many important problems 
in the metabolism of organic substances, but the future unquestionably holds 


a far vaster range of application, 
B. Carbon 


Carbon which forms the "backbone" of all organic compounds, has three 
useful isotopes for tracer work; the rarer stable species, C 15, and two un- 


stable species, C 11 and C 14. In application, C 11 is limited to short-term 
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experiments by reason of its short half-life (20.5 minutes), whereas C 13 
(stable) and C 14 (over 4000 year half-life) are valuable for long-term 
experiments - particularly those in intermediary metabolism. C 11 is useful 
for in vivo studies since, as a Bt emitter, it has penetrating annihilation 
gamma rays. It can be prepared in carrier-free form in the cyclotron by the 
reaction B 10 (d,n) C 11. Because of excellent cyclotron yields, it can also 
be used for making simple organic compounds for preliminary studies to be 
followed later with more exacting studies using C 13 or C 14. C 13 must of 
course be measured with the mass spectrometer. And C 14, which emits weak 

Bo rays and no gamma rays, must be counted under fairly exacting conditions, 
i.e., with a thin mica-window G-M counter and exact geometry or, in the case 
of low activities, in a gas counter or ionization chamber, It has a definite 
advantage over C 15 in providing a greater sensitivity of measurement, It 
can be prepared in high specific activity in the nuclear pile reaction by the 
reaction N 14 (n,p) C 14 but in practical operation a sitibderieie amount of 
stable C contaminates this process. 

The most significant work with C 1l has been studies on carbon dioxide 
utilization by animals and plants (C 123,124) and on carbon monoxide meta- 
bolism (C 107). In the latter case it has been shown that CO is not oxidized, 
at least over a two hour period in the human body, into COs, 

With C 13 a rather large series of experiments have been performed 
dealing with the intermediary metabolism of carbohydrates, fats, and, to a 
lesser degree, amino-acids (C 15). Much information has been derived on the 
role of their precursors. Among the most important results has been discar- 
ding of the idea that certain simple substances are the specific precursors 
of more complex compounds - for example, lactic acid as a precursor of glyco- 


gen. Rather, they are now regarded as contributors to the general metabolic 
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pool from which the complex substances are formed. In connection with COg 
metabolism, a number of studies have established a revolutionary fact, namely, 
that COp is not merely an end-product of organic metabolism in the higher 
animals, but actually an essential compound in certain organic metabolic 
reactions, although admittedly these do not domBur$ ad complexity with bac- 
terial chemo- and photosynthesis or plant photosynthesis. 

C 14, having only recently become available in appreciable quantities. 
from the nuclear pile reactor, has not yet had widespread application. How- 
ever it is in all probability destined to become the isotope of choice as a 
tracer in most future research in intermediary metabolism, In fact, it shows 
promise of becoming the most important single radioisotope available for 
tracer work. ihe most important work so far reported is probably the demon- 
stration with C 14 that radioactively labeled carbonate may be laid down in 
rat bone for at least several weeks without showing any change in concentra- 
tion; this suggests great caution in the application ob this isotope to humans 


(é*12); 


C. Hydrogen 


Hydrogen, which with carbon is found in all organic compounds and which 
with oxygen comprises, in the form of water, the greater part of living orga- 
nisms, has two useful tracer isotopes =< the rare. stable species, deuterium, 

H 2 (or D), and the radioactive species, tritium, H 3 (or T). Deuterium was 
the earliest stable tracer used and has had wide application. Tritium has 
had very limited use partly because of the technical difficulties inherent in 
measuring its very weak B™ rays, which can be detected only in a gas counter, 
and partly because of its limited supply. asbarkts gas counters have now 


been developed; and ample supplies should be forthcoming from the nuclear 
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pile reactors by the reaction Li 6 (n,a) H 3. This isotope should therefore 
have increasing application, particularly in view of the fact that a consider- 
able increase in sensitivity of measurement is possible with compounds labeled 
with T over that with compounds labeled with D. Furthermore, its long half- 
life (about 50 years) makes it available for complex syntheses and lonz-term 
experiments. 

D hes been used to label a wide variety of organic compounds, These 
are summarized in a recent text by Kamen (Gen 44), Whenever D may be intro- 
duced in a relatively stable position in an organic molecule, i.e., attached 
to a carbon atom where it is generally stably bound, it becomes essentially 
an auxiliary label for carbon. The first Bandi eiendhs with isotopically la- 
beled compounds were with D-labeled fats (D 330). Previous to this work it 
had been thought that depot or storage fat was a biological energy store and 
was outside the general metabolism, becoming active only in times of need. 
However with the D label the surprising thing was soon Shown that these fats 
were in a state of fairly rapid turnover and, furthermore, that fatty acids 
or fats of one type could be converted into fats in which the acid moiety was 
changed by deletions or additions to the carbon chain or by desaturation, It 
has been shown on the other hand that such dietarily essential fatty aide as 
linoleic acid are not formed from other fatty acids. | 

Since the initisl work with fats, there has grown up an extensive 
literature on a number of classes of organic compounds labeled with D at 
stable positions, 

D has also been used, in the form of "heavy water", in the study of 
body water content (by the isotope dilution method) (D 147,148,190) and body 
water turnover in fish (D 145,146) and man (D 147,148) and in a number of 
other problems in the movement of water in the vertebrate body EER Py bg £772 2 


etc. ) 
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T has had very limited application, The only work so far reported have 
been two papers: one on photosynthesis (T 1) and one on the determination of 
total body water (T 2) in a manner analagous to that in which Bhi been used, 

The use of D and T as tracers, especially as auxiliary tracers of C, has 
far from been exhausted and particularly important future applications should 


come with these isotopes used in doubly or multiply labeled compounds. 


Oxygen has two rarer stable isotopes,O0 17 and 0 18, that offer consider- 
able potentialities for biological application. So far, however, only O 18 
has been used in tracer work, and for very limited purposes. The unstable 
species of longest half-life is 0 15 (126 seconds); this has not been employed 
for tracer work and pore not offer much promise. 

Although there have been several chemical tracer studies with O 15, the 
only biological experiment so far reported is a study on photosynthesis (0 7) 
in which it was shown that the Oo released in this vital process is derived 
from water and not from COe, Other biological studies with the oxygen isotopes 
have been limited to analyses of their relative abundance in the Og evolved in 
photosynthesis (0 56) and in bacterial metabolism (0 3). 

There remains for the future, therefore, the vast field of intermediary 
organic metabolism in which tracer work with O isotopes may be expected to 


reveal much fundamental information, 


E. Nitrogen 


Nitrogen, which plays an essential role in the peptide linkage of pro- 
teins, has two biologically useful isotopes = a short-lived unstable species, 


N 13 (10.13 minutes half -life) and a rarer stable species, N 15. 
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N 13 may be made in the cyclotron by the reaction C 12 (d,n) N 13 but 
it is not a promising agent despite excellent cyclotron yields. It has had 
very limited biological application as a tracer, The only study so far re- 
ported is one supposedly demonstrating the fixation of nitrogen by a non-legu- 
minous plant (N 45). However, subsequent work with N 15 (N 12) has tended to 
disprove this. 

N 15 on the other hand has been extensively used as a tracer, particu- 
larly in the study of the intermediary metabolism of amino-acids and proteins 
(N 48,81, etc.). 

An observation of particular interest has been hin kee that proteins 
must be highly labile molecules in which the peptide bonds are undergoing 
continual rupture and reclosure with freeing and exchange of amino-groups. 

A further important observation has been that, insofar as the essential amino- 
acids are concerned, it is the carbon chain rather than the intact molecule 
that cannot be synthesized. A process of de- and reamination of all acids 
goes on continuously in biological systems; and it has further been found - 
that, when N 15 labeled ammonia is administered to organisms ranging from 
viruses to higher plants and animals, it becomes widely distributed in the 
constituent proteins of the organism. In regard to nitrogenous waste products, 
N 15 has been particularly useful in giving a clear cut answer to the source of 
creatine and creatinine (N 48,81). The sources of creatine are glycine, the 
ieataine group of arginine and the methyl group of methionine, In the mammal 
all creatinine is derived directly from body creatine, and the reaction is 
irreversible in vivo. 

The use of N 15 for labeling amino-acids, especially coupled with C 135 
or C 14 in the carbon chains, will unquestionably reveal a vast amount of as 


yet unknown facts of protein metabolism, It is through such studies that we may 
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derive some understanding of the complexities of protoplasm and genetic 


continuity. 
F. Sulfur 


For sulfur a component of many proteins and certain nutrilites essential 
for many organisms, there have been two isotopes applied to biological pro- 
blems -- a rare stable species, S 34, and an unstable species, S$ 35 ( 87.1 
day half-life), There are two other rare stable species that may conceivably 
find tracer application, S 55 and S 36, 

S 54 has had very limited application, so far having been applied only 
to the study of the conversion of labeled methionine to cystine in vivo (3 31%, 

S 55 has been available in relatively limited quantities until recently. 
The nuclear pile reaction Cl 35 (n,p) S 35 is superior in yield to the several 
cyclotron reactions. Nevertheless, S 55 has been applied to a number of stu- 
dies on S metabolism, particularly the intermediary metabolism of S-containing 
gmino-acids and proteins (S 20-25) and the excretion of S wastes as sulfate 
(S 7,22). It has been used to demonstrate that inorganic sulfate is not re- 
duced and incorporated into the body protein (S$ 22) and that inorganic sulfide 
is largely oxidized to sulfate although small amounts may be incorporated into 
protein (S 6-7,19). Preliminary studies have also been carried out with la- 
beled thiamin, which is in a state of dynamic equilibrium just as the major 


organic metabolites (S 2). 


G. Phosphorus 


Phosphorus, a constituent of bone, of many organic energy storing and 
transferring systems, and of nucleoprotein, which is basic to all life as we 


know it, has but one stable isotope, P 51, and for tracer work but one bio- 
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logically useful form, the radioactive species P 32 (14.3 day half-life). 
There are more publications dealing with this isotope than with ie other 
species, stable or radioactive, P 32 may be produced in excellent yields 
from the cyclotron by the reaction P 31 (d,p) P 32 and in the uranium pile, 
by the reactions P 31 (n,y) P 32 and S 32 (n,p) P 32. 

The mineral metabolism of P has been investigated b; a number of workers. 
It was early found that P rapidly appears in the bone and that there was a 
slow, but definite turnover of bone phosphates (P 69,70). The excretion of P 
was shown to take place through both urine and feces (P 190), although less 
than 10% escaped b, the latter route. Other studies have demonstrated the 
rates at which the inorganic plasma phosphate becomes incorporated into the 
organic metabolic pool (P 58,186, etc.) and the permeability of erythrocytes 
(P 91,159,181l,etc,) and other cellular membranes to the phosphate ion (P 143, 
184, etc.). 

The major tracer studies with P 32 in intermediary metabolism have been 
on the formation and fate of two important classes of organic compounds: the 
phospholipids (P 58, etc.) and the nucleoproteins (P 2,6, etc. ). It has been 
demonstrated that the main site of phospholipid production for systemic use 
is the liver, although the kidney and intestinal mucosa synthesize their own 
phospholipid independently of the liver (P 122). Considerable work has been 
done on the turnover of ribose=- and desoxyribosenucleoprotein in various tis- 
sues. When labeled inorganic phosphate is administered to the mammal, it is 
distributed in the nucleic acid moiety of the nucleoprotein of all tissues 


(P $40,341). Furthermore this distribution correlates with the known metabolic 


and growth characteristics of the various tissues. Desoxyribosenucleic acid, 
being a nuclear constituent, turns over at a much greater rate in such rapidly 
growing tissues as the spleen, growing liver, and neoplasms, than in the adult 


liver, the cells of which, while metabolically very active, are not undergoing 
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many mitoses (P 3,197). Ribosenucleic acid on the other hand, being largely 
a cytoplasmic ofthe saat turns over in the liver as much as 55 times as 
fast as desoxyribosenucleic acid (P 3573); at also has a high turnover rate 
in the spleen and intestinal mucosa, Such facts correlate well with the known 
importance of these organs in protein metabolism and with the hypothesis that 
the ribosenucleotides play a role in the s,nthesis of proteins. 

P 32 has also found an important role in the treatment of certain blood 
dyscrasias (Cf. section 37). 


Despite the wide and intensive application of this isotope, its poten- 


tialities in the study of vital processes have been by no means exhausted. 
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34. ELEWENTS CONSTITUTING :AJOR MINERAL NETABOLITES 


A. Introduction 


For purposes of this handbook the major elements constituting 
mineral metabolites have been selected on the basis of their role in 
the metabolism of higher animals and accordingly are the following 
five: Na, lg, Cl, K, and Ca. H, C, 0, and P are also of major impor- 
tance in mineral metabolism, but have already been considered in the 
preceding section, The five listed are the scaiede that form, along 
with H, C (as carbonates), 0 (in all complex ions), and P (as phosphates) , 
the main essential electrolytes of the protoplasm and extracellular and 
vascular fluids of higher animals. in addition, lig and Ca, along with 
C, O, and P, are the main mineral constituents of bone - the main skele- 
tal material of the higher vertebrates. Useful tracer isotopes have 
been applied for all, although tracing with Mg has been limited to one 
study. 

The study of mineral metabolism with isotopic tracers began in 1935 
with the work of Chievitz and Hevesy on phosphorus uptake and distribu- 
tion in the rat (P 69). Since that time a rather considerable body of 
literature has grown up particularly in connection with the dynamics 


of electrolytes in the mammal and with the metabolism of bone. 
B. Sodium 


Sodium, like phosphorus, has but one stable isotope and consequently 
its tracers are radioactive. Two useful species exist - Na 24, the 
short lived form (14.8 hour half life) produced in the cyclotron by the 


reaction Na23(d,p)Na24 and in the nuclear pile by the reaction Na23(n,:)Na2d, 
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and Na22, the long-lived form (3 year half life), produced in the cyclotron 
by the reaction iig24(d,a)Na22. Both Na 24 and Na 22 can be used for in 
vivo studies as penetrating nuclear gamma rays thas the decay of both, 
Since Na forms the most important extracellular cation in vertebrates, 
study of its electrolyte dynamics is of great significance. 

Studies with Na 24 have been directed toward the determination of 
the time and mode of normal uptake (Na 9, 12, 15, 32, 37, 38, etc.), distri- 
bution (Na 18, 34, 51, etc.), and excretion (Na 32, 40, 62, 68, etc.) of 
Na in the mammal. The time of equilibration of Na injected in man has been 
found with Na 24 to be between 9 and 12 hours (Na 51). Initially the 
spread is rapid - for two or three hours - to a volume of fluid represen- 
ting about one-fourth of the body weight. It has been suggested that this 
represents the extracellular fluid volume. 

Na 24 has had wide application to studies of vascular and cellular 
pornstar. It has been possible to demonstrate that the turnover be- 
tween the blood Na and that of the intestinal lumen is very eee (Na 81, 
82), being equal in the dog to the total plasma Na in about 83 minutes. In 
connection with the passage of Na across the placental barrier in several 
species, including man, it has been found that the transfer unit weight of 
placenta increases greatly as gestation proceeds (Na 19-25, 28-31, etc.). 
The penetration of Nat into erythrocytes has been investigated by a num- 
ber of workers (Na 8, 56, 84), and a considerable species difference shown 
to exist in the rate of this process. In general, however, Na can be de- 
monstrated to diffuse in and out of the red cell. 

The role of the mammalian adrenal in Na metabolism has also been 
investigated with Na 24 (Na 1-5); and Na 24 has been used in the experi- 


mental therapy of human and mouse leukemia (cf. Section 37). 
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With Na 22 much longer term experiments are of course possible than 
with Na 24. So far this isotope has had relatively limited application. 
It has been used to demonstrate the increase in the Na space of the rat 
body under conditions of dietary chloride deficiency (Na 10) and to show 
the great depression of Na excretion in congestive heart failure in man - 


as much as 1/50 of the normal clearance (Na 72). 


C. Potassium 


Potassium at the present time has but one useful species for bio- 
logical tracer work - K 42 (of 12.4 hour half life), produced in the cyclo- 
tron largely by the reaction K41(d,p)K42 and in the nuclear pile by the 
reaction K4l(n, Y)K42. K*4s an almost universally essential intracellular 
cation; in the mammal it serves as the main cation within the cells in con- 
trast with Na in the extracellular fluids. In ascending the periodic sy- 
stem K is the first element that has a naturally occurring, rare, long- 
lived radioactive isotope; this species - K 40 (about 10” year half life) - 
has been speculated upon as conferring on K some of its physiological pro- 
perties (K 19, 35, 38, 41, 49), but there has been no adequate confirmation 
of any of these views (K 19). Some evidence exists, however, that biologi- 
cal systems may deal with the isotopes of potassium in a slightly different 
manner (K 17, 57). 

The half life of K 42 limits it to short-term experiments. Never- 
theless, a number of studies of K uptake (K 13, 25) and distribution (K 
16, 18, 22, 29, 50) have been carried out. In mammals injected with la- 
beled K*, the ion penetrates rapidly into most tissues of the body, the 
testes, brain, and erythrocytes being slowest to exchange intracellular with 
plasma K (K 18, 50) . In tissues with rapid penetration - liver, heart, 
kidney, etc. - the total K has a relative activity higher than the simultan- 
eous plasma value for the first 1-2 hours after administration, particularly 
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after Inieuperitoting® injection. 

The penetration of K* into erythrocytes has been investigated 
by several workers (K 11, 12, 14, 39, 44, 45, 47, and 56). As with 
Na* a considerable Species difference in permeability and exchangeabili- 
ty has beer shown, 

The physiology of the adrenal cortex has also been studied with 
K 42 (K 1-5). 

Long-term tracer studies of K metabolism may become possible if 
the rarer naturally occurring species - K 41 (stable) and K 42 (radio- 
active) - can be concentrated in a practical manner or if an artificial 


species of long half lii'e is discovered. 
Calcium 


Calcium, the most abundant positive mineral element of the mamma- 
lian body, is lergely found in bone, but the small amount occurring in 
the plasma and inside cells is of great physiological significance - in 
neuromuscular irritability, blood coagulation, cellular permeability, and 
certain enzymatic systems. In tracer work the one radioactive species so 
far used - Ca 45 (180 day half life) - has had rather limited application 
because of poor cyclotron yields from the reaction Ca44(d,p)Ca45. It is 
now, however, availeble in much larger quantities from the nuclear pile 
by the reaction Ca44(n,V )Ca 45 and should have greatly increased utili- 
zation. The cyclotron reaction producing Ca 45 also results in some Ca 41 
(&.5 day half life) - by Ca40(d,p)Ca4l. However, this latter species de- 
cays by K capture and emits only feeble x-rays, which are difficult of 
detection. Ca 45 can presumably be prepared in Garnier free state in the 


nuclear pile reaction by the reaction (Sc45(n,p)Cad5. 
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Studies with Ca 45 have so far been limited to a few investigations, 
primarily on the uptake of Ca by calcified tissues. Ca 45 is stored almost 
entirely in bone (Ca 3, &, 9) with traces appearing throughout the soft 
tissue. Vitamin D promotes the absorption of Ca from the digestive tract 
and the mineralization of the bones of rachitic rats (Ca 5). 

Miuch work on bone metabolism has been done by substituting radio- 
active Sr for Ca by reason of the similar metabolic behavior of these two 


elements. For citations to this work see section 36, part B. 


EE. Nagnesium 


Despite the important biological role of magnesium - as an essential 
element for all known forms of life - it has scarcely been studied by 
tracer isotopes. The radioactive species of longest half life - Nig 24, 
producible in the cyclotron by the reaction lig26(d,p)lig27, has a half life 
of only 10.2 minutes. It has been used in but one biological experiment 
(Mg 1), in which its incorporation into chlorophyll by an alga and by 
barley was shown, By the time chlorophylls a and b could be separated, 
however, the activity of the Mg 27 was too weak for satisfactory measure- 
ment, and therefore no interconversion of the two types of photosynthetic 
pigments could be demonstrated using the Mg label. 

When the rarer stable species, ig 25 and Mg 26, are prepared in 
enriched form, it should be possible to investigate not only the role of 
Mg in photosymthesis, but also its other know vital functions - in enzyme 


systems, bone metabolism, cellular permeability, etc. 


F. Chlorine 


Chlorine, an essential anion in the higher animals and a micronu- 
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trient requirement for some plants, has three potentially useful radio- 
ice species - the short-lived forms Cl 24 (33 min. half life) and Cl 
38 (27 min. half life) and the long-lived form, Cl 36 (10° yeer half 
life). So far only Cl 3% has been used in biological experiments; it 
is made in the cyclotron by the reactions C137(d,p)C138; C137(n, Y )C138; 
and K4l(n, a)C138. C1 34 can be produced in the cyclotron by two re- 
actions - P31(a@,n)C134 and $33(d,n)C134. Cl 36, which can be pro- 
duced in significant amounts only in the nuclear pile- by the reaction 
C135(n, ¥)C136 - has only recently become available for tracer work. 

The short half life of Cl 38 has limited tracer experiments thus 
far reported for Cl, to short-term studies. iWwhen introduced as labeled 
LiCl, Cl 38 rapidly finds its way into the chloride space of suc organs 
and tissues as the kidney, liver, muscles, cartilage, and tendons, but 
not into that of the testes and pyloric mucosa (Cl 11). Cl has also 
been found to penetrate rapidly into erythrocytes (C1 15). It appears 
in normal gastric juice very quickly - within 1 to 2 minutes after 
intrevenous injection into the man or dog (Cl 2), but more slowly in 
the case of achlorhydria (C1 3). 

When Cl 38 is widely available, tracer work with Cl can be much 


expanded. 
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35. ThaCk ELEMENTS K.OWi TO BE ESSENTIAL IN ANIMALS AND PLANTS 


A. Introduction 


The elements so far considered have major metabolic roles in some 
or all living systems. In addition to these macronutrient constituents of 
protoplasm, there are a number of elements that have been recognized as 
being essential in "trace" amounts in the metabolism of certain organisms 
at least. Certain of these micronutrient elements - at leest Fe and pro- 
bably also iin and Zn - are universally reouired for living systems. A 
number of others are known to be essential for certain forms of life but 
not for others. 

The elements accepted as essential trace nutrilites for purposes of 
this Handbook are, in order of increasing atomic weight: B, Al, Si, V, iin, 
Fe, Co, Cu, Zn, ilo, I. They are arranged somewhat arbitrarily in the 
following subsections according to their importance in mammalian nutrition; 
the last five elements (B, Al, Si, iio, and V) are known to be essential 


either to plants or to certain of the lower animals, but not to mammals. 
B,. Iron 


Iron, which is regarded as a universally essential trace element in 
the oxidative enzyme systems of cells, exists in two radioactive forms that 
have found tracer application - Fe 55 (about 4 year half life) and Fe 59 
(47 day half life). A mixture of these isotopes can be produced in the 
cyclotron by the deuteron bombardment of iron - Fe54(d,p)Fe55 and Fe58(d,p)Fes595 
in addition Fe 55 can be made by the reactions lin55(p,n)Fe55 or iin55(d,2n) 
Fe55, and Fe 59 by the reaction 0059(n,p)Fe59. In the nuclear pile reaction 


a mixture of both isotopes can be produced by the bombardment of iron - 
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Fed54(n,Y )Fe55 and Fe58(n, ¥)Fe59. Counters sensitive to Fe 55 and Fe 59 
individually are known and make possible the use of these two isotopes in 
multiple labeling experiments. 

Fe 59 has been the more widely used isotope. It has largely been 
employed in the study of Fe metabolism and in the determination of the red 
cell survival time and the total red cell volume in the mammal, especially 
man. <A number of important new facts about ie metabolism have been demon-= 
strated with Fe 59, YFarticularly striking has been clearcut proof of the 
ability of the mammal to conserve Fe supplies by {ine taxis uptake and excre- 
tion (Fe 21, 27, 35, 37, 40, 45, etc.). ‘The uptake of Fe is controlled by 
the presence of a protein which is capable of combining stoichimetrically 
With 23% of its weight of iron (Fe 37, 40, etc.); this is ferritin (or, 
in its iron-free state, apoferritin). ‘Ferrous iron is better absorbed than 
ferric by man (Fe 41, 42, 51). The loss of Fe from the body is largely 
through wear and tear rather than any of the usual routes of excretion 
(Fe 2, etc.). 

The most important practical result of studies on the survival of red 
cells has been demoristration of the best method of in vitro storage of 
blood to be used for transfusions (Fe 14, 64-69); this involves refrigera- 
tion, the additicn of dextrose to the citrate anticoagulent, the mainten= 
ance of a slightly acid reaction of the diluted plasma or resuspension fluid, 
and optimal dilution. In certain acic-citrate solutions whole blood can be 
preserved with up to 70% viability for three weeks, whereas cells preserved 
by the simple addition of citrate are almost entirely broken down within 
24 hours in the new host after only two weeks of preservation in vitro 
(Fe 59). 

The Fe 59 = labeled red cell has been used to follow the distribu- 
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tion of blood (Fe 17, 18, etc.) and to determine the total red cell volume 
by the intravenous administration of tazged cells of kmown activity and 
the recovery of blood samples after allowing time for mixing to approach 
completion (Fe 16, 17, 19, 24, 29, etc.). 

Fe 55 has had relatively little application, but because of its 
availability in high specific activity from the cyclotron - by the reaction 
wn55(d,2n)Fe55 - it has been useful for studies on the distribution of 
tracer amounts. Work with this isotope has shown the rapid turnover of fe 
in the bone marrow, its storage in major part in the liver, and its rapid 
turnover in the small intestine (Fe 8), as well as its minimal excretion 
in the urine, bile, and feces (Fe 8, 21). An ingenious study with Fe 55 
has shown that the parasite of benign tertian malaria (Plasmodium vivax) 
selectively invades young erythrocytes (Fe 13). 

Fe 55 and Fe 59 have been used in double-labelinz experiments on red 
cell survival (Fe 64, 65, etc.). Conceivably the rarer stable species of 
iron - Fe 54, Fe 57, and Fe 58 - may find use in multiple labeling experi- 


ments when they are prepared in enriched form. 
C. iodine 


Iodine, an essential element in vertebrate metabolism, has a number 
of useful and potentially useful radioactive isotopes. ihree species have 
found biological application - I 128 (24.99 min. half life) produced in the 
cyclotron by the reactions 1127(d,p)1128 and 1127(n, ¥ )1128; I 130 (12.6 
hour half life) and I 131 (8.0 day half life), produced together in the 
cyclotron by the reactions Te130(d,2n) 1130 and Tel30(d,n)1131 respectively. 


I 130 and I 131 also occur as fission products, the latter in much greater 
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quantities; I 130 can be prepared by itself in the cyclotron by the re- 
action Tel30(p,n)I130, and I 131 can be recovered in carrleretnes form 
from the nuclear pile and subsequent decay reaction: Tel30(n, ¥)Tel31 ——~> 
I131 + e. In addition there are several other as yet unapplied species 
of varying half lives - I 124 (4 days), I 125 (56 day), 1 126 (13.0 day), 
I 133 (22 hour) and I 135 (6.6 hour). Some of these may find biological 
application. 

Early work with iodine was done with I 128 (in some cases produced 
by bombarding I 127 with neutrons from a radium-beryllium mixture). The 
concentration of trace amounts of I in the thyroid gland was demonstrated 
strikingly by this early work (I 38, 61, 62, etc.). 

Host recent tracer work has been done with the two isotopes I 130 
and I 131, which are produced as a mixture in the Ce eietroh by the deu- 
teron bombardment of Te. Currently 1 131 is used almost exclusively. ‘The 
primary application of the I label has, of course, been in the study of 
thyroid physiology. 

Before radioactive iodine became available, the entry of I into 
the thyroid gland could not be studied under physiological conditions. It 
has become possible with the radioactive species to study not only entry 
but also the incorporation of I into the thyroid hormone. \ihen minute 
doses of I are administered to the mammal a high proportion becomes incor- 
porated in the ¢land - about 60% in the ray by 24 hours (I 83) and about 
50% in man (I 7, 37, 59). However, when these small doses are given after 
pretreatment with like rhadologtoud amounts, the uptake of the labeled mate- 
rial is much reduced (I 39, 61). Initially the inorganic iodide fraction 
of the thyroid I has a higher specific activity than the organically 


bound. This becomes incorporated into diiodotyrosine and thyroxine. 
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3 


Diiodotyrosine turnover in man is thought to take about 24 hours (I 59). 
For several days the specific activity of the thyroxine I is less than 
that of the inorganic or diiodotyrosine 1, but, while the diiodotyrosine 
fraction remains more or less constant, the thyroxine activity gradually 
rises. This is satisfactorily explained by assuming the conversion of 
diiodotyrosine into thyroxine rather than the direct iodination of thy- 
ronince, the non-iodine containing analogue of thyroxine (I 71). 

With radioactive iodine it has been possible to study precisely 
the effects of various extrinsic factors on I metabolism in the thyroid, 
e.g., pituitary (I 80, 81, etc.), thiourea (I 3), sulfonamides (1 11, 
112), goitrogenic substances (I 13), ete. 

Radioactive iodine has also provided a therapeutic tool in the 
treatment of hyperthyroidism (see Section 37). 

The use of the iodine label is the best illustration of the in- 
valuable role that radioactive isotopes can play in the study of trace 


element metabolism. 


D. lianganese 


Manganese, which is know: to activate a number of enzymes, but 
of which the biological role is not yet clearly defined, is nevertheless 
thouczht to be a probably micronutrient requirement for all living systems. 
It has been well established as essential to the growth end reproduction 
of vet otibe animals. At least three useful radioactive species exist - 
Mn 52 (6.5 day half life) made in the cyclotron by the reaction Cr52(d, 
2n)lin52, which also produces small amounts of iin 54 by the reaction Cr54 


(d,2n)lin543 iin 54 (310 day half life), made in the cyclotron by the re~ 
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action I'e56(d,a)Mn54, which is accompanied’ by the reaction Fe54(d,a) 
Win52; and lin 56, available from the cyclotron by the reaction iin55 (d,p) 
wn56. 

Tracer experiments have been reported with all three of the iso- 
topes mentioned. iin 52 (admixed with small amounts of iin 54) applied to 
the study of the distribution of colloidal MnO» injected intravenously 
for therapeutic purposes in man (lin 6, 9) (cf. Sect. 36). iim 54 (edmixed 
with small amounts of iin 52) has had wider use, having been employed to 
show that tracer amounts of iin are rapidly excreted in the rat almost en- 
tirely in the feces (iin 4, 5) in the latter iin 54 is erroneously referred 
to as lin56 ) and that, even in the case of perosis in the chicken produced 
by Mn deficiency, iin is not deposited to a greater than normal extent in 
the bone, although it accumulates in the liver in greater amounts than in 
normal animals (hin 7). lin 56 has also been used for the study of iin dis- 
tribution in the mammal (iin 1). 

The use of the tracers of hin have been very limited, and much 


further work may be anticipated. 


KE. Copper 


Copper, known to be an essential micronutrient requirement at 
least of hizher animals and functioning in a number of protein and enzyme 
complexes, has two potentially useful radioactive species for biological 
experimentation - Cu 61 (of 3.4 hour half life), and Cu 64 (12.8 hour half 
life) made as a mixture by the cyclotron reactions Ni60(d,n)Cu6él, Niél 


— (d,2n)Cu61l, and Ni64(d,2n)Cu64. In addition Cu 64 can be made in the uran- 
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ium pile by the reaction Cu63(n,¥)Cu64. Of the two stable species, the 
rarer one, Cu 65, may also find tracer application, particularly in 
view of the relatively short half life of Cu 64. 

So far the few biological studies published have been done with 
Cu 64, any associated Cu 61 having decayed away or having been ignored. 
Studies on the uptake and elimination of tracer amounts of Cu fed to rats 
show that, of that absorbed most goes to the liver in absolute amount, but 
that it concentrates relatively more in the kidneys than in other organs. 
Although little is eliminated in the urine (Cu 3). following ingestion 
it appears rapidly in the plasma (Cu 6); the uptake is relatively greater 
in animals having hematopoietic activity increased over normal (Cu 3, 6). 
Copper in the plasma is largely present bound in some way to protein (Cu 


5). 
F._ Zine 


Zinc, like manganese, is important in enzymatic functions and 
may well be a universal micronutrient requirement of living systems. 
It s essential role in the higher animals has not been unequivocally 
shown although evidence that it is necessary is all but conclusive. 
It occurs in several stable and radioactive species of which only one 
has had biolozical application - Zn 65 (250 day half life), produced 
in the cyclotron by the reaction Zn64(n, p )Zn65 and Cu65(d,2n)Zn65 and 
in the uranium pile by the reaction Zn64(n,vY)Zn65. Other radioisotopes 
exist, but of short half life - Zn 63 (38 min.), Zn 69 (13.8 hours), 
gn 69 (57 min. - isomer of preceding), and Zn 72 (49 minutes). These of- 


fer possible alternatives if it is desired to avoid the very long half 
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life of Zn 65. 

So far the biological experiments with Zn 65 have been limited 
to a few studies on the fate of Zn administered by various routes (An 
cae Like iin, but unlike Co, Zn is excreted by way of the gastro- 
intestinal tract, and relatively little in the urine. It accumulates 
in the liver from which it is repidly lost in the bile; it also concen- 
trates to varying degrees in the pancreas, kidney, and spleen. 

Further fundamental advances in the understanding of Zn metabo- 


lism quite evidentally depend upon further application of Zn tracers. 
G._ Cobalt 


Cobalt is very likely an essential trace element in the nutri- 
tion of higher animals, although unequivocal evidence is lacking. There 
are a nunber of radioactive isotopes of which four are formed by the 
deuteron bombardment of iron - Co 55 (18.C hours) by Fe54(d,n)Co55; Co 
56 (80 days) by Fe56(d,2n)Co56; Co 57 (270 days) by Fe56(d,n)Co57; and 
Co 58 (72 days) by Fe57(d,n)Co58. From the nuclear pile reaction Co 
60 (5.3 year half life) is available by the reaction C059)n, vy )Co60, 

The few studies reported have been carried out with mixtures of 
Co 56, Co 57, and Co 58, of which the first and last make up the more 
important component; Co 55 decays away in a few days, aad consequently 
targets are allowed to age so that this species can be disregarded. The 
chief route of excretion of Co is the urine, in contrast to iin and Zn 
(Co 1, 2, 4). Ingested Co is only partly absorbed, and the bile is an 
important, but not the sole pathway for the passage of cobalt from the 


body into the intestinal tract (Co 3, 4). 
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H. 5oron 


Boron, which is known to be an essential micronutrient of 
higher plants and some microorganisms, has not been studied by tracer 
methods. The only possible tracer isotope known is the stable species 
B 10, which constitutes 18.4% of the element. This species is now a- 

- vailable in nearly pure form. 

Wokr has, however, been done with B in the study of the effect 
of the selective ionization produced by bombarding this element con- 
centrated in tissues (E 1-3) with slow neutrons. ‘These studies have 
shown that the splitting of 5 10,under such conditions may have a thera- 


peutic application. 
I, Aluminum 


Aluminim, which is known to be sssential to certain plants and 
protozoans, has also not been studied by tracer techniques. The only 
available species would seem to be Al 26 and Al 29 with half lives 
of only 2.4 and 6.7 minutes respectively. At best these offer very 


limited potentialities. 
J. Silicon 


Silicon, which is also known to be essential in the nutrition 
of certain plants and protozoa and which may also be necessary micro- 
nutrient in higher animals, is another element not yet studied by bio- 
logical tracing methods. Possibly useful species are the two rarer sta- 


ble species - Si 29 and Si 30 - and the radioactive species, Si 31 (170 


min. half life). 
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K. Molybdenum 


For molybdenum, an element required by certain hisher plants, 
theré is one known radioactive species of convenient half life - lio 99 
(67 hour half life), which suffers, however, by being the perent of radio- 
active Tc 99. In addition there are a number of stable species that might 


prove of value. 


L. Vanadium 


Vanadium is an essential part of a metallo-porphyrin respiratory 
pigment in certain lower chordates. Its metabolism could readily be studied 
with the radioactive isotope V 48 (16 day half life) and possibly with V 49 


(600 day half life). 
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36. ELEMENTS NOT KNOWN TO BE ESSENTIAL TO LIFE 


A. Introduction 


Some 22 of the 96 known elements have been considered so fer. The re- 
maining 74 ere not known to be essential to living systems. However, as al- 
ready noted in Fart 32, there are certain elements for which a vital role has 
been suggested on evidence of varying strength. For purposes of this Handbook 
these elements (some 11) are considered in subsection B. 

The remaining elements are grouped more or less arbitrarily into 1, ele- 
ments of common pharmacological and toxicological importance; 2, the noble 
gases; 3, elements of the lanthanide rare earth series and others in fission; 
4, the actinide rare earth series; and 5, other elements. 

For the main nuclear reactions producing the isotopes considered in the 


following subsections, fable 11 should be consulted. 


B. Possible iticronutrient Elements 


1. General considerations, Eleven elements are treated here as having 
been regarded as possible trace requirements for animals or plants. This does 
not complete the list of elements for which such a role has been suggested, 
but it does cover the principal ones. These elements are Li, F, Cr, Ni, Ga, 

Br, Rb, Sr, Cb, Sn, and W, 

2. Lithium. No tracer work has been reported for Li, which has been found 
widely present in trace amounts in animals. It has no known radioactive iso- 
tope of half life greater than 0.28 seconds, and thus the rarer stable species, 
Li 6, will presumably have to serve for purposes where changes in systems in 
dynamic Li equilibrium are to be studied. Some studies have been made with 
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natural Li on the effect of bombarding Li in tissues with slow neutrons 
(Li 1-2); like B 10, the bombarded Li 6 nucleus splits with the release 
of high specific ionization. These studies have given results similer to 
thoge obtained with B. 

3. Fluorine. The effect of F in making teeth more resistant to caries 
has led to its being postulated as an essential micronutrient in vertebrates. 
A few studies have been carried out with F 18 (112 minute half life) on the 
uptake of F in bone and teeth (F 1-3). These have shown the uptake of F in 
bone and teeth both in vivo and in vitro. The secretion of F in the subma- 
xillary gland saliva of the cat has also been shown (F 1). 

4. Chromium. No tracer work has been carried out for Cr, which has 
been wisaon bod as a possible trace requirement in certain plants and animals. 
The radioactive species Cr 51 (26.5 day half life) is available for such 
studies. 

5. Nickel. Ni has been found concentrated in the mammalian pancreas 
and in the bodies of several invertebrates and may be involved in enzyme 
systems. Its metabolism has not yet been subjected to tracer studies, although 
the radioactive isotopes Ni 57 (36 hour helf life) and Ni 59 (15 year half 
life) are available and should prove sane. 

6. Gallium. There is strong evidence for the essential role of Ga in 
certain plants. It has not yet been studied with tracer methods, however. 
Several potentially useful radioactive species exist = the most promising of 
these for tracer studies being Ga 67 (83 hour half life). 

7. Bromine. Br is present in small amounts as an electrolyte in the 
vertebrate body - primarily extracellularly like Cl. Although an essential 
role has been postulated, definitive evidence is lacking. 7 

Trecer studies with the radioactive species Br &2 (34 hour half life) 
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have been fairly extensive. The bromide ion has been found to behave in 
general distribution very much like Na* (Br 4). It is completely distributed 
in the dog body within a period of one to two hours. 

Br 82 has also been used to label diazo dyes in studying the escape of 
colloids from the blood stream (Br 1) and the concentration and detection of 
dyes in abscesses (Br 8, 9, 10, 15). Certain dyes become bound to plasma 
proteins, and, when labeled with Br 82, have been used to show in dogs the 
great increase in capillary permeability to colloids after burns (Br 1). 

The significant selective uptake of bromine by the thyroid has also been 
shown with Br 82 (Br 11). 

8. Rubidium. It has been claimed that Rb may actually replace K in 
the nutrition of certain bacteria. The element is present in trace amounts 
as an ion in the vertebrate body fluids. Evidence for an essential role is, 
however, lacking in either case. 

There have been a few studies on the behavior of ionic rubidium in bioe 
logical systems with the use of the radioactive isotope Rb 86 (19.5 day half 
life). In the dog it closely resembles K in distribution after intravenous 
injection (Rb 1). The uptake of the element and its concentration from very 
dilute solutions of Rb*~ by roots of plants has also been demonstrated 
(Rb 3). 

9. Strontium. Sr has been of considerable interest because of the 
similarity of its fate in vertebrate metabolism to that of Ca. Because of the 
poor cyclotron yields of Ca 45 considerable study on bone physiology has 
been carried out using the radioactive isotope Sr 85 (65 day half life) in 
place of a Ca isotope. Despite its well-known metabolic behavior in the 
vertebrate, the essential nature of Sr as a trate element has not been estab- 


lished. 
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Studies with Sr 85 have shown thet when injected, the element rapidly 
concentrates in the skeleton. In the mouse the radioactivity per wet 
weight of skeleton is about 100 times that of the soft tissues in 24 hours. 
Of the soft tissues the liver and especially fat show the lowest activity 
at this time (Sr 12-14). 

Studies on bone fracture healing in normal rats and in rats on abnormal 
vitamin balance have. shown that recalcification is less active in vitamin A 
and D deficient and D-hypervitaminotic rats. In normal rats the callus under- 
goes most active calcification from 8 to 16 days with normal strength of the 
broken bone being recovered within 12 to 16 days (Sr 1). In another experi- 
ment it was found that hypophysectomized rats treated with growth hormones 
deposited in a short period essentially the same amount of Sr 85 in the femur 
and mandible as did untreated hypophysectomized rats. This suggests that 
mineral deposition in bone is independent of growth hormonal control (Dr 10). 

For the therapeutic application of Sr 85 to bone malignancy see Section 
37. 

10. Columbium. There is suggestive evidence that Cb is an essential 
trace requirement in certain plants. Tracer work has, however, been very 
limited and so far carried out with Cb 95 (37 day half life). It has been 
used in radioactive colloids that localize in the reticuloendothelial system 
(Cb 1 - see Section 37) and in one experiment with the tracer-free element 
(Cb 2) in which it was shown that in the rat parenterally administered Cb 
accumulated about 40% in the bone and was lost therefrom with a half time of 
about 100 days. (For further discussion of the uptake in bone of fission 
elements see subsection E). 


ll. Tin. Although Sn has been found as a trace element rather widely 
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in animals, no essential physiological role has been demonstrated. Tracer 
work is yet to be done. There are at least three potentially useful tracer 
isotopes - the radioactive species Sn 113 (70-105 day half life), Sn 121 
(60 hour half life) and Sn 123 (10 day half life). 
12. Tungsten. W has been thought to be essential as a micronutrient of 

certain plants, but not trace work has yet been attempted with it. There are 
available two potentially useful radioactive species - W 185 (77 day half 
life) and W 187 (24.1 hour half life). 


ments of Impo Pharmacolo Toxicolo 


1. General considerations. The common elements of toxicological and 
pharmacological importance not already considered are As, Ag, Sb, Au, Hg, | 
Pb, Bi, and Ra. Tracer studies have been carried out for all of these except | 
Ag. 

2. Arsenic. As is an important agent in syphilotherapy and the treate 
ment of leukemia. It is also used in trypanocidal and anthelminthic drugs. 

Studies with radioactive arsenic have been limited to the isotope As 74 
(16 day half life). Tracer experiments have demonstrated the uptake of sub- 
cutaneously administered arsenites in the body proteins of the various mam- 
mals but have not supported the view that As may replace P in proteins (As 
5, 8). In concentration per unit weight of tissue arsenic administered as 
arsenite is found in largest amounts in the kidney and in decreasing amounts 
in the liver, epidermis, spleen, lung, and muscle (As 7). In experimental 
filariasis (Litomosoides carinii infection in the cotton rat) the concentration 
in the adult worm is only less than in the kidney and liver (As 7). 

3. Silver. Potentially valuable radioactive species for tracer work 
with Ag are particularly the isotopes Ag 106 (8.2 day half life), Ag 110 


(225 day half life), and Ag 111 (7.5 day half life). 
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= Antimony. Antimony, important in anthelminthic and antiprotozoal 
agents, has had some tracer application in the form of Sb 124 (60 day half 
life). When administered to dogs in the form of tartar emetic, it is 
found to concentrate most highly in the liver and in decreasing amounts in 
the thyroid, kidney, cortex, pancreas, intestine, spleen, etc. In dogs with 
filariasis (the heart worm, Dirofilaria immitis) Sb 124 concentrated more 
highly in the adult worm than in any other tissues except the liver and thy- 
roid (Sb 1,2). 

5. Gold. A single tracer study has been reported for Au in the treat- 
ment of rheumatoid arthritis. This showed high uptake of the element in the 
kidney and liver (Au 1). 

6. Mercury. Hg, an important industrial poison and therapeutic agent, 
has had but one tracer study with the radioactive species Hg 197 (23 and 64 
hour half lives). It was used to establish the concentration of Hg vapor 
in a particular industrial observation suspected of causing chronic mercuri- 
alism (Hg 1). 

7. Lead. Pb is an important industrial poison. It was the first element 
to be studied biolosically by the "tracer" technique = namely, that of sub- 
stituting for a normally stable element one of its radioactive species (Pb 
5) and thus tracin. its fate in a biological system (in this case a plant). 

Two lead isotopes, both belonging to naturally radioactive series, 
have been used in the study of the uptake and fate of Pb in organisms - Pb 
210 or RaD (22 year half life) and Pb 212 or ThB (10.6 hour half life). 

Pb 210 belongs to the U series; Pb 212, to the Th series. 
Studies with Pb 210 have included the uptake of Pb in erythrocytes 


(Pb 8), the absorption of Pb tetraethyl (Pb 7), the effect of pectin on the 


5669 6b 


retention of dietary Pb (Pb 4), etc. Studies with Pb 212 have been on the 
uptake of Pb by erythrocytes (Pb 1) and the general distribution of Pb in 
normal and tumor be aring mice (Pb 5). 

8. Bismuth. The use of Bi as an antisyphilitic and antiprotozoal a- 
gent renders tracer studies of considerable importance. So far only two stu- 
dies (Bi 1,2) have appeared, both done with Bi 210 or RaE (5 day half life) 
of the U series. Bi was found upon parenteral injection to be eliminated 
in the urine and feces, about twice as much in the former as in the latter, 
and to concentrate most highly in the kidney and somewhet less in the liver. 

9. Radium. Ka has presented a toxicological problem particularly in 
the watch-making industry in connection with the painting of luminous dials.- 
No attempt has been made here to cover the extensive literature on the 
toxicology and radiation effects of this element. Ra 226 is the common iso- 


tope (1596 year half life). 


D, Noble Gases 


The use of radioactive isotopes of three of the heavier gases - A, Kr, 
and Xe - has made possible important studies on respiratory gas exchange and 
the pattern of blood mixing in the mammal (Al, Kr, 2, 4, Ke 1). The 
marked solubility of Xe in fat has been shown with the radioactive isotopes 
Xe 127 (34 day half life), (Xe 3) and Xe 133 (7 day half life) (Xe 1). 

Isotopes of Rn - Rn 220 or Tn (54.5 second half life), and Rn 222 (3.825 
day half life) =- have been measured or used in studies on the fate of descen- 


dents of the Th and U series respectively. 


Rare » men nthanide Serie nd Other Elemen 


in Fission 
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The fission of U and Pu results in the production of isotopes of ele- 
ments ranging from number 30 (Zn) to mmber 63 (@ Fission products 
therefore asetide species of almost half the rare earth elements. (nos. 57- 

71) or lanthanide series. Thus elements for which very little biological in- 
terest existed before the large scale utilization of the fission process now 
have assumed considerable importance by virtue of the dangers of contamination 
by, and irradiation from, their radioactive species as produced in atomic 
energy installations. A number of the elements occurring in large yields in 
fission have already been considered, e.g. Sr,,Cb, Xe, I, etc. Other elements 
occurring as fission products for which biological studies have been carried 
out include (i.e., those not already considered previously) the rare earths 
La, Ce, Pr, and 61 and the elements Se, Y, Zr, Ru, Te, Cs, and Ba. Studies 
with all of these except Se, Y, Zr, ana Te have been limited to one or two 
investigations concerned with fission product problems. 

No biological studies have as yet been carried out with radioactive spe- 
cies of the rare earth elements not occurring in fission, nor of sever] fis- 
sion elements of lighter weight (Ga, Ge, Rh, Pd, etc.). 

Extensive work has been carried out by Hamilton and coeworkers (Ba l, 
Cel, 2, etc.) on the distribution of fission product elements in rats, par- 
ticularly in the liver and bone. lost of these are not taken up in significant 
amounts from the digestive tract after oral administration, exceptions being 
sr, Te, I, Ba, and Cs. Following parenteral injection, however, many are ac- 
cumulated in the skeleton and eliminated very slowly - Sr, Y, Zr, Cb, Ba, La, 
Ce, Pr, and 61, but not Ru, Te, I, or Cs. Initially la, Ce, Pr, and 61 ac- 
cumulate in the liver, but are quire rapidly excreted from this organ. Of 
the fission elements concentrating in bone those not taken into the body in 
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of time in the pulmonary tissue when administered intratracheally or by 
aerosols, Most of what is absorbed rpm g the bone. This has consider- 
able significance in the public health aspects of atomic energy installa- 
tion especially as chronic radiation of bone by radioactive isotopes local- 
ized there has long been know for Ra and recently demonstrated for Sr and Pu 
(Sr 19, Pu 3) to cause osteosarcomata. 

Studies on Se 75 metabolism have been restricted to two papers on the 
distribution of labeled selenate injected into the rat (Se 1-2). It was 
found that selenate labeled with Se 83 (30 min. half life) is rapidly conver- 
ted in the body into volatile organic compounds and eliminated in the breath. 
Studies on Te with the isotope Te 121 (125 day half life ) (Te 1) and a mix- 
ture of the isotopes Te 127 (90 day half life) and Te 129 (32 day half life) 
(Te 2) have shown on the other hand that at first the urine is the principal 
route of elimination and later is almost equal to the feces; Te is concen- 
trated most highly in the blood, liver, kidneys, apparently whether adminis- 
tered in the tellurous or telluric state. 

Radioisotopes of Y, zr and Cb have been used in colloidal form in the study 
of blood mixing time and volume (Y 2, Zr 2). Those of Y have found also prelimin- 


ary therapeutic application in the treatment of leukemias (see Section 37). 


New Rare h Elemen 


(Actinide Series) 


The new rare earth elements or actinide series begin with Ac (element 
89) and include the heaviest known elements. So far eight have been dis- 


appreciable amounts from the digestive tract are retained for long periods 
covered: Ac, Th, Pa, U, Np, Pu, Am, and Cm, Biological studies have been | 
i 


i 
i 
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carried out for all except Ac. No attempt has been made here to cover the 
extensive literature on the toxicology of fh and U, nor on the application 
of Th (as Thorotrast) in radiography. Studies with the other five actinides 
have been recent and as yet rather limited. However, a great deal of work 
may be expected on Pu, an element of which the isotope Pu 239 is made arti- 
ficially in large quantities in the uranium pile reaction, but which exists 
in nature only in minute traces. 

Hamilton's comprehensive study of the metabolism of fission elements 
was done simultaneously with study of the six actinides Th, Pa, Np, Pu, Am, 
and Cm (Pa 1, etc.). He has found that like La, Ce, Pr, and 61 they concen- 
trate to a high degree in bone when administered parenterally, but are not 
- absorbed in significant amounts from the digestive tract. Radioautographic 
study has demonstrated that the bone deposition does not occur uniformly 
in the osseous tissue (as with sr), but rather in the periosteum, endosteun, 
and in the region of the trabecular ere. Recent work has also shown that 


Pu 239 ( 22,000 year half life) in bone can produce malignant change (Pu 3). 
G, Other men 


Elements not already covered in the present subsection include two 
light elements, Sc and Ti, for which no tracer work has been done, and a 
number of the heavier elements above the lanthanide series - namely, Hf, 
Ta, Re, Os, Ir, Pt, Tl, Po, At, and Fa. Of the latter only At has been 
studied biologically. 

At has been studied with the isotope At 211 (75 hour half life). In 
the one published paper dealing with this species (At 2) it has been found 


to resemble its analogue I quite closely in being concentrated to a high degree 


in the thyroid. 
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37. ISOTOPES IN THERAPY AND DIAGNOSIS 


A. Introduction 


Radium and radon, and their decay products, have been used for 
over 45 years in the treatment of various malignancies and ‘meuadaes. 
These applications are familiar to the medical profession as a whole 
and need not be detailed here. They are reviewed in such books as that 
of Ellinger (Radiation Therapy, 1941) and others dealing with roentgen 
and radium therapy. 

Isotopes that have been used in therapy and diagnosis are given 
in Table 27. As indicated therein artificial isotopes of two elements, 

Fc end I, have so far been employed in therapy with definite suc- 
cess. Others - of lia, lin, Sr, Y, Zr, and Cb - have received prelimin- 
ary trial, but therapeutic techniques with these elements are still in 
the experimental stage. 

A number of isotopes have also been employed for diagnostic pur- 
poses. These are discussed in the following subsections. 

The isotopes that so far have shown definite value in therapy and 
diagnosis have been those that demonstrate a fair degree of selective 
Peat ication, either as the result of their normal fate in metabolism 
or of their fate as special compounds or colloids. ‘Thus phosphorus con- 
centrates to a mall degree in rapidly growing tissue (particularly in 
the nucleoprotein) and in bone; iodine localizes in the thyroid gland 
(at least several hundred times the concentration in the rest of the 
body); and certain colloidal preparations can be made that localize in 
various parts of the reticuloendotheliun. } 


So far, all techniques of radiation with isotopes, except in the 
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case of the treatment of hyperthyroidism with radioiodine, have suffered 
from the limited selectivity of uptake by the diseased tissue over normal 
tissues. For example, in the treatment of diseases of the both marrow and 
lymphatic system with radioactive phosphorus it is impossible to avoid to a 
greater or lesser extent the irradiation in various parts of the body of those 
normal cells that metabolize rapidly and others in the immediate vicinity of 
the latter. Actually in the treatment of polycythemia vera it would be desira- 
ble if irradiation could be delivered only to the nucleated red cells and in 
lymphosarcoma and leukemia only to the offending leukocytes or lymphosarcoma 
cells, and not to the normal cells, especially the platelet and red cell pro- 
ducing centers. Some progress may be anticipated in the ‘adh stent of these 
blood dyscrasias by the application of labeled colloids. Recent work (P 2,7) 
shows that radiation may be limited larzely to the liver and spleen by the use 
of anhydrous colloidal chromic phosphate labeled with P 32, which localized 
selectively in the reticuloendothelial cells of the liver and spleen when intro- 
duced intravascularly in a highly dispersed form. Similar properties have been 
discovered (Zr.2) for a number of other colloids - of yttrium (Y), zirconium 
(Zr) and columbium (Cb) - which may be labeled with radioisotopes of these 
respective elements. Some of the colloids can be concentrated to a high de- 
gree in the bone marrow, others in the liver and spleen. 

However, for Lisoptamede diseases in general, localizing substances of 


adequate selectivity that can be labeled and used for radiotherapy have not 


been found. 


B, Radiophosphorus 


The first radioisotope to be used in therapy was P 32. Although applied 


as early as 1936 it was not until 1939 that the first clinical reports (? 239) 
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| ‘ of its application to the treatment of chronic leukemia were published. A 
number of studies followed, which for the period through 1945 have been quite 
thorouzhly reviewed in a recent paper by Reinhard et al. (P297). In the past 
two years several important papers have appeared on P 32 therapy. Aside from 
the paper by Reinhard et al., in which the results of treating a large series 
of yatients suffering from leukemias, lymphoblastomata, and other malignant 
conditions were reported, there have been papers attesting the usefulness of 
P 32. in the treatment of polycythemia (P 106, 107) comparing the use of radio- 
phosphorus and the alkylamines (nitrogen mustards) in the treatment of neo- 
plastic and allied diseases of the hematopoietic system (P 210), describing 
the external application of P 32 to warts, basal cell carcinomata, etc. (P 375), 
and reporting on the results of 11 years' experience with a large series of 
patients with leukemia and polycythemia (P 374). . 

| The most important use of P 32 has been in soluble form (in labeled 
isotonic Na HPO, ) given by mouth or vein in the treatment of blood dyscrasias. 
The determination and calculation of dosage, routes of administration, and . 
supportive treatment of patients receiving this type of therapy are discussed 
in most of the works cited. 

The general findings of workers using soluble P 32 therapy have been 

as follows: 

1) It is at the present time the treatment of choice for many cases 
of polycythemia (rubra) vera (P 106, 107, 297, 374) (i.e., primary 
polycythemia, erythremia, or Osler~Vaquez's disease). In most 
patients complete hematological remission and almost complete 
symptomatic relief can be effected. A single course of treatment 
may bring about a remissioh lasting from six months to several years. 


2) For the treatment of chronic leukemia, both lymphatic and myelo- 
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genous, it is at least as satisfactory in producing hematological 
and symptomatic remissions as x-ray (P 297, 374) and may prolong 
life somewhat longer (P 374). It is thus of palliative, and not 
curative value. There is one definite aavatitase of ¥ 32 over x-ray, 
namely in that the former practically never produces radiation 
sickness; in the few cases reported this has been very mild. 
3) P 32 therapy has little effect on the course of patients with 
acute or subacute lymphatic, myelogenous, and monocytic leukemia 
(P 297). It is possibly of the same limited value as x-radiation. 
4) Lymphoblastomata and related malignancies do not respond more favor- 


ably to P 32 than to x-ray. 


Complications of soluble F 32 therapy are leukopenia, thrombocytopenia, 
and anemia, and these constitute limiting factors in the dosage. X~-radiation 
has value in conjunction With P 32 therapy in reducing more rapidly the size 
of lymph nodes in lymphatic letkemia and in combating splenomegaly, particu- 
larly in myeloid leukemia. It has been common experience among workers cone 
cerned that therapy with F 32 requires a considerable degree of individualiza- 
ation. The limitations of P 32 in the form of the soluble phosphate for 
blood diseases have been brought out recently (P 142). 

Recently a technique for the use of P 32 in the treatment of skin le- 
sions has been described by Low-Beer (P 248, 375). He soaks a small piece of 
blotting paper in a labeled phosphate solution and applies this to the surface 
of the tumor or other skin lesion. ‘he bete-rays from P 32 have al half-pene- 
tration" of about 1 mm. in tissue, i.e., 1/2 of the particles are absorbed in 
the first millimeter of tissue, 3 of the remaining in the second mire ee 


and so on. This suggests P 32 may prove superior to x-ray or radium in the 
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treatment of certain radiosensitive superficial skin lesions by avoiding 
irradiation of the deeper, uninvolved tissues. 

P 32 has also been used for experimental therapeutic purposes, in 
an insoluble colloid, chromic phosphate. Exploratory work during the past 
few years on the therapy of the splenomegaly and hepatomegaly (unpublished 
data) of chronic leukemia with this material has actually been carried on. 
This application differs in no sanaetigs manner from similar uses of other 
radioisotopes. Another possible application of labeled chromic phosphate and 
colloids with similar properties is their use in the interstitial infiltration 
of chemically inert radioactive material into malignant growths, as suggested 
by work (P 11) on the injection of chromic phosphate into the tissue a- 
round transplanted mouse tumors. This shows that chromic phosphate remains 
at the point of injection and that the radioactive material can cause regres- 
sion of mammary tumors under a certain size. It is possible that a similar 
procedure may prove of some value in the treatment of human malignancies 
especially in inoperable sites. 

The use of P 32 as a possible diagnostic tool has been suggested by 
Low-Beer and associates (P 249, 250). They have found in a few cases that, 
if small doses of labeled Na,HPO) are given to women with suspected breast car- 
cinoma, the activity of the superficialiy located, malignant lesion (except 
for slowly growing mucoid carcinomata) is 25% or more above that of the sur- 
elles tissue a the skin. Benign lesions in. their Sie oe consistently 
showed less than 25% greater activity. 

The use of P 32 has thus been shown to have considerable therapeutic 
and possible diagnostic value. Further research may well expend its clinical 


usefulness in the form of other inorganic or organic compounds. 
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C,. Radioiodine 


The therapeutic use of radioactive iodine was reported upon for the first 
time simultaneously in 1942 (I 25, 36) for the treatment of hyperthyroidism 
(i.e., thyrotoxicosis, Grave's disease, Basedow's disease, etc.). Comprehen- 
sive reported on two series of patients with hyperthyroidism have appeared re- 
Sontly (1 7, 37). : 

For therapeutic purposes carrier-free radioiodine in the form of an 
aqueous Nal solution is used, being administered by mouth. In the two most 
recent reports (I 7, 37), the iodine has consisted of a mixture of I 130 and 
I 131, of which the former has been the clinically more important component. 
The determination and calculation of dosage are given in both papers. 

In one series (I 37) about 80% of the patients having thyroids of 60 to 
75 grams in size and treated with an appropriate dose of radioiodine have been 
effectively cured. A complication of this form of therapy has been myxedema, 
resulting from an excessive depression of thyroid function, but as yet there 
have been no other post-irradiation effects such as the induction of carcinoma. 
The ultimate evaluation of this form of therapy, as compared with other methods, 
must await more extensive work and the passage of time. 

In the last few years workers have also reported a few cases in which treat- 
ment of iodine-metabolizing thyroid malignancy has met with partial or consi- 
derable success when radioiodine has been used (I 65, 66, 73, 105, 106). One 
patient with a metastatic thyroid adenocarcinoma metastases took up iodine ee, 
and responded favorably to radioiodine therapy administered on three occasions - 
in Niarch, 1943, April, 1944, and March, 1945. It would, therefore, appear that 
such treatment can be of value of those thyroid malignancies in which iodine 
is concentrated. ~- 

As a diaznostic tool for the determination of the level of the thyroid 


function, radioiodine appears to offer good clinical possibilities. So far 
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most of the publications dealing with thyroid physiology es studied with 
radioiodine have been in the nature of fundamental investigations rather | 
than of diagnostic developments. However, it has been shown that radio-= 
iodine can be <a in distinguishing between simple hyperthyroidism and 
the ophthalmopathic type (I 34, 55). | 
In general the use of iodine for the treatment and diagnosis or 


certain thyroid diseases appears highly promising. 


D. Other Isotopes in Therapy and Diagnosis 


The use of isotopes of sodium, manganese, and strontium in therapy 
has been reported by various workers in the last few years. In addition, 

_ recent work with phosphete, yttrium, zirconium, and columbium colloids shows 
considerable promise. 

Radiosodium (Na 24) as labeled NaCl has been applied to the treat- 
ment of chronic leukemia (Na 58, 80). One group of workers observed fa- 
vorable results in 7 cases of chronic lymphatic leukemia (Na 80), but the 
report extended only over a period of 150 days. Another worker (Na 58), 
who treated five cases of leukemia with radiosodium and radiophosphorus, 
found that P 32 gave a much better response. A more recent paper (Na 17) 
on the effect of Na 24 on normal and leukemic mice gives further suggestion 
that this form of therapy may prove comparable to total body roentgen radia- 
tion. It was found that the hematological response in normal animals was 
roughly the same with Na 24 as with equivalent roentgen irradiation. How- 
ever, roentgen irradiation was not compared with Na 24 therapy in leukemic 
animals, which appeared to show, after admiristration of the radiosodium, a 
more rapid, although less prolonged fall in the leukocyte count than did the 
normal, ‘There is as yet insufficient published data for an evaluation of 


radiosodium therapy in chronic leukemia, but it is expected thet the results 
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would be similar to those following total body irradiation with x-rays, 
since there is no selective localization of sodiun. 

The usefulness of radiosodium as a diagnostic tool is evident from 
. epaat review (Na 86) in which it is reported that in a number of cir- 
culatory diseases (arteriosclerosis, Raynaud's disease, etc.) and injuries 
(trench- and immersion-foot, frost-bite, etc.) of the extremities Na 24 
has proved of considerable value in determining the status of the circu- 
lation. Since it can be measured by applying a G-M counter to the surface 
of the skin and thus detecting its penetratins gamma rays, its distribu- 
tion in the blood, and extracellular tissue fluids can be followed. With 
this technique of measuring tissue vascularity it has been possible to de- 
termine in a number of cases whether surgery is indicated and if so, at what 
point the amputation should be performed. Similar possibilities exist with 
the use of nenidacuye inert gases. 

The use of radiostrontium (Sr 89) for the therapy of bone malig- 
nancies has been suggested on several occasions because of the concentra= 
tion of this element in bone analogously with calcium (Sr 8, 9, 12). The 
most detailed discussion is that of Lawrence (Sr 8), who gave preliminary: 
results for the treatment of primary (osteogenic) and metastatic (breast 
and prostate) carcinoma in a number of cases. A comprehensive report on 
this material is still to be published. Actually, however, it is unlike- 
ly that diffuse irradiation of bone and marrow for relatively localized 
malignant growths will prove of much value, particularly in view of the 
danger of marrow depression. Nevertheless beneficial results have been 
obtained in the treatment of metastatic prostate cancer in the way of slowing 


down of the malignant process and control of pain. 
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A number of radioactive colloids have been used in preliminary 
therapeutic studies. These include, as already mentioned, anhydrous chromic 
phosphate (FP 217), which localizes almost entirely in the liver and spleen, 
and colloids of several elements, redioisotopes of which occur as fission 
products (Y, Zr, Cb); the latter colloids may, depending upon the method 
of preparation, concentrate almost exclusively in the liver and spleen 
or go in equal concentration into the bone marrow (Zr 2). Because of the 
relative abundance of Y, Zr, and Cb in fission, there is a potentially rich 
source of their radioactive species for such investigations and for possi- 
ble widespread slinical application. Investigations with radiomanganese 
as labeled colloidal manganese dioxide in an aqueous medium with gelatin 
as a protective colloid have recently been reported upon (iin 6, 9). These 
itil dine possibility that MnQ,may be localized upon intravenous in- 
jection in the lymphoid reticuloendothelium. In addition to the intra- 
vascular use of these colloids there are also, as mentioned, possible | 
applications in interstitial infiltration of malignant growths (P 11). 

.In general the use of labeled colloidal materials is promising and de- 
serves thorough clinical trial. 

Although P and I radioisotopes are the only artifical species for 
which therapeutic applications have been developed, it seems quite like- 
ly that in a few years a number of different isotopes will have well ac- 
cepted clinical uses. In addition to the elements already mentioned, 
there are important possibilities in the labeling of organic compounds 
with long-lived radiocarbon - C 14 - and radiohydrogen or tritium - H 3 
or T. If radiation is ever to prove ea vital tool for the palliation or 


curebf malignancy, the only possible way for accomplishing this end would 
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seem, from our present perspective, to be the discovery of organic 
substances that undergo highly selective localization in various types 

of cancer cells in contrast to those of normal tissue and that can be 
labeled with a suitable radioisotope. Tritium with the low penetrating 
power of its beta rays and its rapid turnover in the body is particularly 
interesting in this regard. If it can be put in relatively stable posi- 
tions in localizing compounds, it will expend most of its ionizing power 
within the concentrating cells, Potentially it is an ideal radiothera- 
peutic agent. 

A discussion of radiotherapy with isotopes would not be complete 
without mention of the possible role of fissionable isotopes - i.e., of 
uranium - U 235 = and plutonium - Pu 239 = and of other isotopes that 
release large amounts of ionizing radiation upon being bombarded with slow 
neutrons - i.e., of lithium - Li 6 - and boron - B 10. If these materials 
can be localized in given tissues and organs and the region bombarded with 
slow neutrons, a significantly high radiation can be conferred on the iso- 
_tope containing tissue than on the normal or uninvolved tissue through 
which the neutrons also must pass. It has been shown (B 1) thet pieces 
of transplantable mouse tumor soaked in boric acid solution and then ir- 
radiated gn vitre with slow neutrons before inoculation into new hosts 
showed a significantly lower percentage of "takes" than control tumor 
pieces soaked in boric acid, but not irradiated. Also if lithium or boron 
salts are infiltrated into mouse tumors in vivo and the host animals bom- 
barded with slow neutrons (B 2, 3), there is a significant increase in 
tumor regression over that in bombarded but uninjected controls. 

Finally there should be mentioned the possicle therapeutic use 


of charged nuclear particles - protons, deuterons, and alpha particles - 
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‘an isotopic apy Mdea stdon ‘of sorts inssmach as the nuclei 


Bares of hydrogen and helium are being aiokerae, 
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58. BIOLOGICAL EFFECTS OF THE NATURAL RADIOACTIVE ELEMENTS 


A. Introduction 


The naturally radioactive elements with the exception of K*° may be 
divided into three groups. These groups, the so-called radioactive series, 
are named from the heaviest element in eachs the uranium, the actinouraniun, 
and the thorium series, Each consists of the parent element and its decay 
products, 12 or 13 to 16 elements, the last of which is a non-radioactive 
lead isotope of mass 206, 207, and 208 respectively for the three series 
(see Pig. 82). 

Only a few of these isotopes have been investigated with respect to 
biological action, In the uranium series, radium (Ra), radon (Rn), radio- 
lead (RaD), polonium (RaF or Po); and in the thorium series, thorium (Th) 
are theprincipal elements which have been used ‘titsieahand snvontigntiors 
In the second series, actino-uraniu, yess has recently been used as a 
source of fission recoils in a study of the biological effects of fission. 

The biological effects of these elements and their radiations have been 
studied on four classes of material; isolated compounds or systems, simple 
ergenisms, plants, and animals. In addition, radium and radon have been used 
extensively in therapy. The literature on these therapeutic uses is so vast, 


that it will not be reviewed here, 


B, Organic Substances 
In the case of compounds of biological importance, most of the experi- 


mentation has been done with the a, B, and y radiations. Breger and Burton 
(2) tested the action of particles from radon on fatty acids and napthalenic 
acid. Acetic, caproic, lauric, and palmitic acids,in the presence of 100 mc 


Rn, produced Hp, COg, CHg and some of the higher hydrocarbons. The product of 
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@ similar exposure of naphthalenic acid was a napthalene derivative. From 


their data it may be concluded that the action of a particles on compounds 

of this type is by decarboxylation and dehydrogenation, and is not sufficient 
to split the benzene ring. Proteins also are changed by radiations from 
radium. Fricke (3) demonstrated flocculation of pepsin, trypsin, oxyhemoglobin, 
complement and egg albumin; and Khenokh (4) showed irreversible coagulation of 
gelatin sols following a decrease in viscosity and. pH after treatment with 

a, B, and y rays from Ra, The destruction was greater in an 0.5% than in a 
1.0% sol and was accompanied by release of ammonia nitrogen, Thiamin exposed 
to glass radon seeds was partially destroyed (5), although irradiation of mice 
to the lethal dose gave no change in thiamin concentration of blood or liver. 
The in vitro damage was not accompanied by splitting of the thiamin molecule 
since the thiazole or pyrimidine intermediates were not destroyed. ‘To these 
reports of the action of radiations from the naturally radioactive elements 

on biological compounds, should be added the observation of Vernoni (6) that 
treatment of benzpyrenes with y rays increased the rate at which tumors grew 


when the irradiated substance was applied to rats. 


cs Micro-Organisms ; 


The naturally radioactive compounds have also been studied in relation 
to "simple" organisms; phage, virus, bacteria, slime, molds, and algae. The 
diameters of bacteriophage <-x-174 (7), and vaccinia (8,9), tobacco mosaic (10), 
and lymphogranuloma (11) virus have been calculated from inactivation by a, 
end y rays of Ra, Rn, and Po on the assumption that a single ionization destroys 
phage or virus. The values so obtained are within the range of data collected 
by other means for the same organisms, Bonet-Maury and Bulgakov (7) calcu- 
lated for phage $=-x-174, a diameter of 18 + 5 m. The diameter for the same 
phage calculated from centrifugation data was 16 mi, and from x-ray data, 17 mp 


The 
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inactivation of bacteria, slime moids, and algae by radiations from Ra, Rn, 
and Po has also been reported. For bacteria the inactivation dose of y (Ra), 
x=, anda (Po) radiation increases in that order and for any given radiation, 
the inactivation dose increases with decreasing size of bacteria (12). The 
slime mold, physarun,was found to grow over a spent glass seed of Rn, to 

cease growing within 2 cm of 17 mc Rn in a glass seed, and to grow to within 
$-4 mm of 19 mc Rn in a gold seed (13), showing the greater effect of B 
radiation on the slime mold, Petrova (14) subjecting cultures of the alga, 
zygnema, to the a radiation from Po with the extent of radiations to various 
parts of the cell controlled by filters found that the nucleus was about 

700 times more sensitive to irradiation than the cytoplasm. Certain of the 
simple organisms have been shown to take up some of the elements under dis- 
cussion. E. coli assimilated ThX and when carefully washed bacteria containing 
the material were plated, the radioactivity spread with the growing colony 
(15). Hoffman (16) has shown that fresh-water algae accumlate WU from water 
with a concentration of 1076 pgm U/l. The algae subsequent to this treatment 
contained 9,1 x 10"4% J in the ash. It has also been shown that some of, the 
elements ae ate radiations stimlate various processes in these "simple" 
organisms. Radiations from Th and U stimlate spore formation and cell vital- 
ity of Bacillus mesenterious and bacillus megatherium (17), In the presence 
of Rn in porcelain tubes, cultures of Penicillium notatum show peak production 
level of penicillin 2-3 days before cultures without Rn (18), Below the toxic 
concentration, the presence of U in culture media, stimulates cell division 


of yeast (19), 
D. Plants 


The first tracer studies with radioactive materials were done by Hevesy 


(20) with radio~lead in plants. Since that time extensive use has been made 
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of natural radioelements of which only a brief account can be given here, 
The normal concentration of U in plant ash is between 1075 and 1076 

gm % (21). The U content of leaves swhich is high in relation is thet of the 

rest of the plant decreases in the fall before the leaves drop. The roots 


of horsebean plants placed in solutions of RaD (radio-lead) absorb 0.3% from 


200 ml. of 1071 W solution and 60% from the same quantity of a 1076 N solu- 


tion in 24 hours. fransport of lead through the plant is poor, since the 
leaves contain only about .005 to .03% of the amount in solution (20). Th 
and U are reported to have a stimulating effect at certain concentrations 
(22). Gillern has demonstrated that Th(QH)4g and Th(NOs)4 when mixed with 
soil in a concentration of about 5 mg/kg stimulate the growth of lupine (22), | 
and oats and meadow grass (25). The action is more positive with respect 


to growth of stem than seed development. Resting seeds of the horse chest- 


mut soaked in solutions of U0g(NOg)p of concentrations of 10°) to 1075 mols/1 


for 24 hours germinate more rapidly than controls (24). The optimum concen« 
tration is dependent on the degree of dormancy; more dormant seeds requiring 
a higher concentration. Seedlings developing after such treatment contain 


U in all organs. 
E. Manmals 


The description of experiments with the naturally radioactive elements 
in mammals will be divided according to element. Radium and radon, thoriun, 


polonium, and uranium have been most extensively studied. 


1. Radium and Radon 


The study of the biological effects of Ra and Rn centered for some time 
on the toxic effects. The most discussed single group case has been that of 


the workers in the pitchblende mines of Schneeberg and Joachimsthal who 
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showed a very high incidence of lung tumors (25), Work with animals exposed 
to Rn showed that lung adenomas and adenocarcinomas did develop although at 
a higher air concentration than that to which the men in the mines were 
exposed (26,27). Despite the difficulties inherent in translating from ani- 
mal to human data, it seems probable that the Rn concentration of the air 

in the mines was a factor in the high tumor incidence. It is true, however, 
that the physical conditions of the work, long hours, excessive dampness, 
travelling great distances across cold and windy plateaus to aud from work, 
were conducive to respiratory tract irritation and were a predisposing fac- 

tor in susceptibility to radiation damage. The dangerous effects of radium 
were not recognized for many years until reports were made of necrosis of 

the jaw of workers who had absorbed Ra salts (28, 28a). Since that time, 

the subject of Ra and Rn poisoning has been extensively studied. Although 

a minute amount of Ra is present in normal human tissues and increases regu- 
larly with age (29), very small amounts administered at regular intervals 

are highly toxic, Rats receiving 40 to 60 pg Ra by subcutaneous injection 

over a period of about 150 days died in about 200 days. The poisoning pro- 
duced a typical secondary anemia, decalcification of the center portion of 

all bones and hypercalcification at ends of long bones, hyperplasia of bone 
marrow, decreased functional ability of the liver, and acute nephritis of 

the kidney (30), About 25% of the injected Ra was retained and 99% of this 

was found in the bone, After oral administration, about 7%, end after in- : 
tradermal, about 50% of the administered Ra was retained, about 90% of that 
retained being found in the skeleton, In chronic poisoning in humans caused 

by 1-10 pgs Ra, 5 = 20 years may pass before development of symptoms with lit- 
tle deviation in the normal blood picture (31). As might be expected fron 


the high concentration of Ra in bone, Ra metabolism is very similar to that 


of Ca. The rate of increase of Ca and Ra excretion after establishment of 
therapy indicates the same efficiency of removal for both materials (32), 
Transplantable datwocenae  nulcoike have been observed in rats fed radium in 
emounts sufficient to give a retention of 2 ugs Ra after 10 months, The tu- 
mors developed in about 565 days and one was maintained for 7 generations with 
the original high phosphatase level. It is Se Ste for demonstration of sar=- 


coma formation, that the dose be low enough to allow survival for at least 


400 days since this is the latent period of growth (33), 


2. Thorium : 

Studies of the effects of thorium have centered principally around the 
use of thorotrast, colloidal ThO2 - a preparation in which Th is in equilib-= 
rium with the rest of the series - as a contrast medium in roentgenography 
of various organs. 

After intravenous (34), intracardial (35), and oral (36) administration 
of thorotrast, the oxide is found eT ea the sinusoids of the liver 
end the capillaries of the spleen, Thorium itself is apparently not excreted 
although some of the daughters substances are; Th-X is found in the feces, 
end Tn is exhaled, A major portion of the ThO2 injected into two patients 
6=7 years prior to measurement was calculated to be still present from 
data obtained on the Tn content of the breath (34), Thorotrast is also 
reported to have carcinogenic properties (37). For example, Nattucci and 
-Dall'Armi ($8) produced fibrosarcomata in rats after subcutaneous injection 
and showed severe and diffuse lesions in liver, spleen, and lung of rabbits 
1 - 2 years after intravenous injection. Of the remainder of the elements 
in the series, Th-X (Ra 204), ThB (Pb 212) and ThC (Bi 212) have been in- 
vestigated to some extent. Th-X was administered to humans in the form of 


inorganic and organic salts by the intravenous and subcutaneous routes (39), 
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and by the intravenous route to animals (40), The Th-X content of the blood 
increased rapidly and then decreased at a fairly rapid rate. As determined 
in animals, the substance was found mainly in kidney, intestine, and skeleton. 
From the kidney, only 1% of the injected dose was excreted, while the greater 
portion of that in the intestine was eliminated in the feces. Th-X in the 
organic form is more rapidly absorbed by the tissues than in the inorganic 
form since the absolute activity of the blood following sceadoshaleniieles is 
lower while excretion remains the same. Intravenous injection of very small 
doses of ThB into rabbits gives a marked leucopenia with very slow recovery 
when it is nies fatal. Similar doses of ThC result in a leucocytosis followed 
by leucopenia which reaches its maximum in 3 - 5 days. The rabbits recover 
from this in 7 - ll days after injection. With larger doses, the leucopenia 
is more pronounced. ThB is deposited in the bone and bone marrow, as might 
be expected of a lead isotope, while ThC is found mainly in the liver, intes- 


tine, and kidneys (41). | 


5. Polonium 

Polonium, an element in the uranium series, is excreted after injection 
into the rabbit by the convoluted tubules of the kidney with the glomeruli 
playing no direct role. That retained in the body is localized in reticulo- 
endothelial tissue or interstial spaces of lymph nodes, bone marrow, spleen, 
suprarenals, and testicles. When so localized, the irradiation produces de- 
struction of neizhboring cells, i.e., lymph or blood elements or seminal cells 
Set fewning the reticuloendothelial cells (42). The specific action of 
Po on the thymo-lymphatic system has been reported by Leblond and Lacassagne 
(43). In the normal and adrenalectomized rats, Po produced atrophy of the 
thymus and spleen, With other agents such as cold, trauma, and toxic chemi- 
cals, adrenaledomy prevents lymphatic involvement. This is indicative of the 


direct action of Po on the system concerned. 
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4 Uranium, 


The first member of the uranium series U238 has been shown to occur 
normally in many living tissues. In mammals, concentrations range from 
2 x 1079 gm U/gm of brain to 1 x 10-6 gm U/gm of hypophysis (44). How- 
ever a bohoshtrabiGh of 5 x 1076 gm U/em of body weight is the lethal dose 
for a dog (45) when the uranium is administered intravenously in the form 
of nitrate. The lethal dose for other animals, i.e. rabbit and mouse, is 
of the same order of magnitude. When the uranium is given in the form of 
colloidal U09, the lethal dose is more than 10 times as large (46). U0e 
(NOz )o injected intravenously is removed from the blood rapidly - after 4 
hours none remains in the blood, and is eliminated by the kidney (31-88% 
of injected dose is recovered in the urine in the first 24 hours) (47).° 
The toxicity of uranyl nitrate is due primarily to the destruction caused 
in the kidney. Secondarily to nephritis, U causes bone lesions of a fibrous, 
exogenous nature (48). In the kidney, U injected in the form of nitrate 
is found in the distal convoluted tubles (49) where, with sublethal doses, 
it so modifies the tubular cells, that they become resistant to toxic 


doses of HgClg (50), The nephritis caused by U09(NOz)o results in such 


changes as increase in blood NH3z (51), decrease in all renal clearances with 
a negligible change in renal plasma flow (52), decrease in transamination | 
by kidney tissue (53), and a change in the mechanism of elimination of such 
substances as carmine (54). Sodium citrate in massive doses has been found 
to protect dogs against lethal doses of U0g(NOg)e2 (55). The mechanism of 
this protective action is not known although the maintenance of the “alkali 
reserve" is not a factor. Amother protective substance called "V factor" 
has been isolated from cultures of diphtheria bacilli. A fraction with 


similar activity can also be obtained from kidney, "V" factor increases 
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the excretion rate of U from dogs and protects them against more than twice 
the lethal dose. It is ineffective in protection of rabbits against U poison- 
ing, and inactive against poisoning by Cr, Hg, Bi, Pb, and benzpyrene in 
dogs (56). 
6 Actinium, 

The only member of the actinium series which has been investigated for 
biclogical effects to any extent is actino-uranium, U 255, This substance 
in the form af vO, colloid has been injected into mice and shown to be dis- 
tributed in a manner similar to other colloids, such as thorctrast, More 
than 80% of the injected material was localized in the liver and spleen, The 
primary purpose of this work was to demonstrate the effect of fission in vivo, 
Therefore, after the animals were injected, they were exposed to a neutron 
beam, Within six weeks, all those animals so exposed died, while all con= 
trols remained alive. It was calculated that the lethal effect of fission 
recoils is greater than that of a physically equivalent dose of B radiation 
from P°* (58), : 
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way be related thereto. 


The information furnished herewith is made available for study 
upon the understanding that the Government’s proprietary interests 
in and relating thereto shall not be impaired. It is desired that the 
Patent & Royalties Section, Office of the Judge Advocate, Air 
Materiel Command, Wright Field, Dayton, Ohio, be promptly noti- 
fied of any apparent conflict between the Government’s proprietary 
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